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Abstract
This dissertation presents design, optimisation and prototype tests of radial-flux, low-speed,
permanent magnet (PM) and copper excited, synchronous generators with a new topology.
The designed generators are for use in direct-drive directly grid-connected slip-synchronous
wind-turbine systems.
For direct-drive systems, (PM) generators deployment is more attractive due to the
convenience of high-energy permanent magnet types for example NdFeB.Thus, replacing
conventional PM synchronous generators with PM variable flux synchronous generators
(PM VFSGs) has recently gained great interest. PM VFSG ( have some rotor windings,
which result in a flux variation capability and therefore they give better performance in grid
compliance than purely PM excited SGs. In addition, they offer better efficiency and reduced
mass when compared to purely electrically excited synchronous generators (EESGs).
Using analytical and FEM analysis, the PM VFSG design with non-overlap concentrated
windings was carried out applying three optimisation algorithms, i.e. modified method of
feasible direction (MMFD), non-sorted genetic algorithm (NSGA II) and particle swarm
optimisation (PSO). Using simplified equivalent magnetic circuit and PM properties, an
initial iterative preliminary design for the proposed generator was carried out. The rotor
field coil analysis was performed using FE analysis in MagNet solver to numerically evaluate
four generator designs from a benchmarked surface-PM VFSG calculated analytically. The
aim of the electromagnetic analysis is to satisfy a grid compliance design, where flux variation
is necessary. The rotor design values changes depending on the amount of magneto-motive
force (MMF) required, supplied by magnets and rotor field coils. From the analysed rotor
designs, it was found that the rotor slot area is a key constraining factor. Another key
outcome of the study is that the location of the PMs on/in the rotor tooth influences the
flux linked to the stator . The rotor design corresponding to the lowest rotor copper losses
was adopted.
The optimisation procedure uses d−q analysis at steady state and no-load, to investigate
the size, efficiency and active mass of 13 kW, 100 kW and 1 MW generators with a base
winding of 34/36. The buried-PM topology is found to achieve the least mass and highest
efficiency. The outer diameters of the optimised generators have marginal difference with
other conventional systems. Compared with other direct drive generator systems, the pro-
posed generator has a larger air-gap diameter and heavier rotor but with comparable total
active mass.
The prototype generators were constructed using rare-earth permanent magnets NdFeB-
48H with a remanent flux density of 1.41 T. The rotor and stator lamination cores were
laser cut but can be punched in mass production. Open-slots with straight teeth were
adopted for the stator with double-layer non-overlap concentrated windings. The short
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end-winding characteristic of the winding topology enhanced efficiency and lower active
mass. Rectangular blocks of permanent magnets with flux in radial direction are used. The
surface-PM VFSG topology has the PMs segmented and glued on the rotor tooth surface.
On the other hand, the buried-PM VFSG design has full rectangular PMs inserted into the
rotor cores. The constructed prototype generator was tested as a three-phase fixed-low-
speed generator with varied load conditions under grid compliance. Good correlation in the
theoretical prediction and the experimental results were obtained.
ii
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Opsomming
Hierdie proefskrif bied ontwerp-, optimalisasie en prototipe toetse van radiale flux, lae spoed,
permanente magneet (PM) en koper opgewekte, sinkroniese kragopwekkers met ’n nuwe to-
pologie. Die ontwerpte kragopwekkers is vir gebruik in direkte dryfkrag-verbindings glip-
sinchroniese windturbinesisteme. Vir direkte dryfstelsels is die implementering van kragop-
wekkers aantrekliker as gevolg van die gemak van hoë-energie-permanente magneet tipes,
byvoorbeeld NdFeB. By die vervanging van konvensionele PM-sinkroniese kragopwekkers
met PM-veranderlike flux -sinchroniese kragopwekkers (PM VFSGs) het onlangs groot ver-
toning gekry. belang. PM VFSG (het ’n paar rotor windinge, wat ’n flux- variasievermoë
tot gevolg het en gevolglik gee hulle beter prestasie in rooster-nakoming as suiwer PM-
opgewonde SG’s. Daarbenewens bied hulle beter doeltreffendheid en verminderde massa in
vergelyking met suiwer elektries opgewekte sinkroniese kragopwekkers (EESG’s ).
Met behulp van analitiese en FEM-analise is die PM VFSG-ontwerp met nie-oorvleuel-
gekonsentreerde windings uitgevoer met behulp van drie optimaliserings algoritmes, dws
gewysigde metode van uitvoerbare rigting (MMFD), nie-gesorteer genetiese algoritme (NSGA
II) en partikel swerm optimalisering (PSO) . Deur gebruik te maak van vereenvoudigde ek-
wivalente magnetiese stroombaan- en PM-eienskappe, is ’n aanvanklike iteratiewe voorlopige
ontwerp vir die voorgestelde generator uitgevoer. Die rotor voedselanalise is uitgevoer met
behulp van FE-analise in MagNet-solver om vier generatorontwerpe numeries te evalueer van
’n gekontroleerde oppervlak-PM VFSG wat analities bereken is. Die doel van die elektro-
magnetiese analise is om ’n rooster nakomingsontwerp te bevredig, waar flux-variasie nodig
is. Die rotor ontwerpwaardes verander, afhangende van die hoeveelheid magneto-motiewe
krag (MMF) wat benodig word, voorsien deur magnete en rotor veldspoele. Uit die ontleed
rotor ontwerpe is gevind dat die rotor gleuf area ’n sleutelbeperkende faktor is. Nog ’n
belangrike uitkoms van die studie is dat die ligging van die PM’s op / in die rotor tand die
vloei wat aan die stator gekoppel is, beïnvloed. Die rotor ontwerp wat ooreenstem met die
laagste rotor koper verliese is aangeneem.
Die optimaliserings prosedure gebruik d-q- analise teen bestendige toestand en geen vrag,
om die grootte, doeltreffendheid en aktiewe massa van 13 kW, 100 kW en 1 MW kragop-
wekkers met ’n basiswinding van 34/36 te ondersoek. Die begrawe-PM-topologie is gevind
om die minste massa en hoogste doeltreffendheid te behaal. Die buitenste diameters van
die geoptimaliseerde kragopwekkers het marginale verskil met ander konvensionele stelsels.
In vergelyking met ander direkte dryfgeneratorstelsels het die voorgestelde kragopwekker ’n
groter luggaping deursnee en swaarder rotor, maar met vergelykbare totale aktiewe massa.
Die prototipe kragopwekkers is gebou met behulp van seldsame permanente magnete
NdFeB-48H met ’n remanent vloeistofdigtheid van 1,41 T. Die rotor- en stator laminerings
kern was laser gesny, maar kan in massaproduksie gepons word. Oop gleuwe met reguit
Stellenbosch University  https://scholar.sun.ac.za
tande is aangeneem vir die stator met dubbel laags nie-oorvleuel gekonsentreerde windings.
Die kort einde-kronkelende eienskap van die kronkel topologie het doeltreffendheid en laer
aktiewe massa verbeter. Reghoekige blokke van permanente magnete met vloed in radiale
rigting word gebruik. Die oppervlak-PM VFSG topologie het die PM’s gesegmenteer en
vasgeplak op die rotor tand oppervlak. Aan die ander kant het die begraafde PM VFSG-
ontwerp volle reghoekige PM’s in die rotor kern. Die vervaardigde prototipe kragopwekker
is getoets as ’n drie-fase vaste lae spoed generator met gevarieerde laai voorwaardes on-
der rooster nakoming. Goeie korrelasie in die teoretiese voorspelling en die eksperimentele
resultate is verkry.
ii
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Chapter 1
Introduction
1.1 Background
As environmental concerns and the need to adapt to the effects of climate change, increased
renewable energy generation sources are desirable. To enable the large-scale application of
wind energy without compromising power system stability, transmission system operators
have decided on grid code specifications for the quality and the form in which power is
delivered to the system. Hence, it is preferable that directly grid-connected wind turbine
generator systems that can meet these specifications be used.
Thus, replacing conventional PM synchronous generators with PM variable flux syn-
chronous generators (PM VFSGs) has recently gained great interest. PM VFSGs have some
rotor winding, which results in flux variation capability and therefore they give a higher per-
formance in grid compliance than purely permanent magnet (PM) excited SGs. In addition,
they offer better efficiency and reduced mass when compared to purely electrically excited
synchronous generators (EESGs). For the stator design, non-overlap windings are adopted
when considering issues in the winding factor, harmonic influence on the PMs and cogging
torque.
1.2 Objective
The general objective with this research is to design, optimise, build and test a radial
flux, low speed, grid compliant, PM and copper excited, synchronous generator with a
new topology. The specific objective is to carry out a design optimisation of this grid-
compliant PM VFSG for a 13.3kW, 88rpm wind generator used in slip-synchronous wind
turbine application, to study this new topology, the validity of the design optimisation
procedure and the closeness of the practical results to theoretical results.
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1.3 Main contribution of the thesis
The contribution to design optimisation procedure proposed, is the use of d− q analysis in
steady state as well as no-load operation, to meet design and grid code specifications. The
optimisation procedure is demonstrated with three different algorithms and it is scalable
to higher power levels. The proposed new topology of the grid-compliant generator has a
higher efficiency, reduced mass and magnets buried deep in the rotor core.
1.4 Outline of the thesis
The thesis is organized as follows: In Chapter 2 there is an overview of the slip-synchronous
wind turbine technology and the various variable flux synchronous generators. Non-overlap
concentrated winding is evaluated for the stator design and a pole/slot combination chosen
in Chapter 3. In Chapter 4 there is an analytical evaluation of typical VFSG topologies and
the results of three topologies are compared. In chapter 5, a FEM analysis of different rotor
designs is carried out. In Chapter 6 the focus is on the design optimisation procedures and
methods, followed by a presentation of the results and the discussion of optimum designs
ranging from 13 kW to 1MW power levels in Chapter 7. A prototype generator and the
experience in building is discussed in chapter 8.
1.5 List of publications
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Power Electonics. ( 2017), pp. 305--310.
2. Amuhaya, L. L and Kamper, M. J, "Design and optimisation of variable-flux syn-
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International Conference on Domestic Use of Energy (DUE), (2017), pp. 160--166.
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4. Amuhaya, L. L and Kamper, M. J, "Design and optimisation of grid compliant variable-
flux PM synchronous generator for wind turbine applications", in IEEE Energy Con-
version Congress and Exposition (ECCE), ( 2015), pp. 829--836.
5. Amuhaya, L. L. and Kamper, M. J., "Design analysis of a hybrid-PM synchronous gen-
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Chapter 2
Drive-Train for the Generator System
Directly Coupled to the Grid
This chapter is a review of the state of the art in direct drive and directly grid-connected
generator systems. There is an overview of the wind-turbine systems (WTS), and various
generator topologies that are applied in the system are described. Examples of the direct
drive generator topologies depending on their flux direction are presented together with
their advantages. Various direct-grid connected systems are briefly described. Then control
strategies are described and how they impact on the grid code requirements. Finally, variable
flux synchronous generators (VFSG) are discussed.
2.1 Wind turbine concepts
Various wind turbine systems (WTS) are explored [1–6] with increase in wind energy produc-
tion. to satisfy these grid requirements and standards, the WTS influence on total weight
of the nacelle, cost, reliability ease of maintenance and yearly energy yield. The type of
generator varies depending on the wind turbine system and grid integration as shown in
Figure 2.1. A geared system has a high speed rotor of the generator connected to the tur-
bine blades through a gearbox as shown in Figures 2.1a,-c. This allows them to achieve the
required low speed and high torque (examples are Figures 2.1.a - SCIG, 2.1.b - DFIG, 2.1c -
PMSG). Direct-drive synchronous generators are a trend in the turbine [3,4]. Connection to
the grid for these direct-drive turbine systems is through converters, or the use of capacitor
and inductors. As the wind energy penetration into the power system has led to strict grid
code requirements being set. This has led to other studies on how the grid connection can
be achieved such as the slip-synchronous wind turbine system [5, 6] and such a topology
considered in this research is as shown in Figure 2.2 .
4
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Figure 2.1: Illustration of wind turbine concepts of the common generator types and grid
connections.
Figure 2.2: Direct drive slip-synchronous wind turbine system for the studied generator
2.2 The Slip synchronous wind turbine system
The slip synchronous wind turbine system illustrated in Figure 2.2, is a direct drive system
consisting of a horizontal axis turbine, a slip-coupler, the rotor which is connected to the
turbine, and a synchronous generator, with its stator directly connected to the grid.
The mechanical to electrical conversion of the slip-synchronous wind turbine system is
performed by the slip-coupler and the PM VFSG. The slip-coupler is an induction generator
the rotor of which is short-circuited and mechanically connected to the wind-turbine. It
rotates at a slip speed with respect to the PM VFSG which rotates at a synchronous speed.
Therefore, the voltage induced in the slip-coupler is at slip-frequency.
The supply of the rotor field coils is separately done from either a battery source or a
power-electronic converter with a low power rating. By utilizing the rotor field current, PM
VFSGs provide a more efficient system with substantial advantages over competing grid
5
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Figure 2.3: Electrically excited direct drive wind generator type E-126 from Enercon.
compliant wind-turbine systems [6].
2.3 Direct drives
The number of wind turbine installations has increased greatly during the past years. Most
of the installed wind turbines have a gearbox enabling a generator to rotate at high speed.
A survey of the statistical data of wind power turbine failures and downtime shows that the
gearbox is the most troublesome component in a typical turbine: The gearbox is responsible
for 20 % of the total downtime and requires in average 256 hours of reparation time per
failure [2, 7].
Direct drive wind turbine systems require a low rotating speed and a high torque. The
emergence of PM machine technology in the recent past offers another alternative. PM
machines can rotate directly at low speed and high torque, making it possible to eliminate
the gearbox in the drive (Figure 2.1.c). Depending on the turbine size, the power of the
generator can be from a few kilowatts to several megawatts. The nominal shaft speed of
large direct drive wind turbines is approximately 10 - 25 rpm at optimum wind speed.
Generators for direct-drive wind turbines are widely studied and some have already been
manufactured. Synchronous generator types are widely used in direct drive wind turbine
systems. They can be either electrically excited such as Enercon 4.5 MW or PM excited
as shown in Figures 2.3 and 2.4 (courtesy pictures) with power ratings of 7.5 MW and 6
MW respectively. Some manufacturers also make use of induction generators i.e. direct-
6
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Figure 2.4: PM excited direct drive generator courtesy Alstom-Hallade 6 MW.
drive doubly-fed induction generator (DFIG) in a 2 MW turbine. Nevertheless, PM excited
generators offer a significant weight reduction compared to EESGs or DFIGs, which is of
significance for the nacelle placement of the generator.
2.3.1 Advantages of direct drives
Direct drives have many advantages over geared drives, as a result of the simplified trans-
mission system with fewer components. These advantages include:
• Lower maintenance costs - A gearbox requires regular lubrication maintenance to re-
duce friction.
• Reduced noise - Mechanical parts of the transmission system such as gearbox, belts or
pulleys are sources of noise. With fewer mechanical parts, the direct drives may thus
be less noisy.
7
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• Higher efficiency - Removing the gearbox means also removing a potential cause of
friction losses.
• Increased reliability - Lack of a gearbox, results in elimination of its associated failures,
and thus a drive with a longer lifetime.
• Lower mass- This can be achieved when compared to all the components of a geared
drive.
Other merits in direct drives are specific to the examples as provided in the examples.
Notwithstanding, the direct drives have disadvantages such as large generator diameters,
turbine support structure issues, difficulty to transport the parts to sites.
2.3.2 Examples of direct drive wind generators
Some examples of direct-drive wind-turbine systems with PM generators in the market are
listed below, which are dependent on the flux direction in the generator:
• Radial-flux (RF) - RF generators are quite common in direct-drive wind turbines. The
simplicity of the flux direction/ orientation makes it a favourite choice for double-excited
generators, as discussed in [8–11]. One of the largest direct-drive wind turbines with its
7.58MW generator is E-126 which is PM excited is shown in Figure. 2.3. Details of a design
of a wind turbine along with its RF generator consisting of a DFIG can be found in [12].
A detailed design and optimisation of a 15 kW direct drive directly grid-connected wind
turbine system is discussed in [5, 13].
• Axial-flux (AF) - AF generators are also widely investigated [14,15] and manufactured
by some wind-turbine producers.
• Transverse-flux (TF) - TF machines are interesting because of their high torque density
[16]. Several research studies have been carried out [16–18] on them. The unique feature of a
TF machine that distinguishes it from RF machines is the decoupled nature of the magnetic
and electric loading, which can be set independently. This allows the TF machines to attain
higher torque densities. At the time of writing, no large wind turbines (over 1 MW) equipped
with TFPM generators have been installed. TFPM generators with a power of up to 10 kW
have been built with the goal of the commercial production of higher power generators.
2.4 Grid Connection and grid-code specifications
To enable the large scale application of wind power, grid code rules and regulations are
stipulated by transmission system operators (TSOs) to ensure safety and no compromise to
the electric network. Wind-turbines are required by the modern grid-codes specifications as
a renewable plant to:
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Figure 2.5: Grid code requirements of power-factor and reactive power control for sub 100 KW
generators as per South african grid-code requirement.
1. Provide fault-ride-through capability (low voltage ride through ( LVRT)) - they have
to stay connected and contribute to the grid in case of a disturbance such as a voltage
dip.
2. Supply both active and reactive power for voltage and frequency control in the power
system similar to conventional power sources.
The specifications for a sub 100 kW wind turbine system are as shown in Figure 2.5.
2.4.1 Examples of direct grid-connected wind turbine systems
Wind-turbine systems that are directly grid-connected include slip-synchronous generator
systems [5,6,10], as shown in Figure 2.2, those which use a spring and damper system [19],
and those which use a hydro-dynamically controlled gearbox [20]. Recent developments in
direct drive directly grid-connected wind turbine systems have led to a renewed interest in
grid-connected PM generators as the issues of grid instability are addressed [6, 21, 22].
2.5 Variable-Flux Synchronous Generator types
As discussed earlier, direct drive systems are characterised by large diameters and are heavy.
To minimise mass, PMs are adopted. The high density permanent magnets as a source of
excitation, offer advantages such as higher efficiency and reliability. However, their constant
MMF supply is a drawback to the direct grid-connection of a wind turbine system. To assist
in achieving flux variation, the use of field coils is essential. Such machines that have the
capability to vary their flux are termed variable flux machines, double excited synchronous
machines (DESM) [9,23], hybrid excited synchronous machines (HESMs) [24] or mixed-pole
9
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hybrid machines as in [25]. In this dissertation these machines are termed as variable flux
synchronous generator (VFSG).
2.5.1 Electrical Excited machines
These machines form the conventional synchronous generator types. They use field coils
conventionally from copper as the source of excitation. In this dissertation they are reffered
to as non-PM VFSG. They have the merits of variable flux capability, These generators have
been in use with gearboxes as medium or high speed generators. They are a difficult choice
for direct drive wind turbine systems but Enercon has a 4.5 MW EESG installed this is due
to the weight issues that are associated with these generator types. Introduction of PMs
into the SG can increase the efficiency of the non-PM VFSG as well as mass reduction from
a reduced pole-pitch size, as studied in this research.
2.5.2 PM-variable flux machines
This type of machines have the flux from the PMs adjusted by means of either hybrid-
excitation [8, 21, 22, 25–27], mechanical adjustments [28–32] or other means of adjustments
[33–35]. The hybrid-excited machines (HEM) have their flux variation from field coils. They
are further grouped depending on the location of the MMF sources or the type of connection.
2.5.2.1 Series or parallel excitation of the MMF sources
Double excited or hybrid excited machines have a combination of the MMF sources, the
magnetic circuits of which can be divided into series- or parallel- excited depending on the
flux paths. For series connected MMF sources, the PMs and field excitation coils have
their flux in series or the flux produced by the field excitation goes through the PMs. The
advantages of series-DESGs include simple topology, good flux variation capability (both
boosting and weakening) and the hybridization of the MMF sources has little effect on
torque density. The main drawback in this flux variation method is the demagnetisation
risk. Examples include the double excited synchronous machine (DESM) of [23] and double
salient permanent machine (DSPM) of [36] as shown in Figure 2.6.
In the parallel connected MMF group, the flux from the respective MMF sources have
their own paths. It is the most common connection adopted for several studies due to no
risk of demagnetisation.
2.5.2.2 Location of the MMF sources
The machines in this category can be classified into stator excited [37, 38] or rotor excited
[6,21,23] depending on the location of the MMF sources. However, there are some machines
with either of the MMF sources in either the stator or rotor as depicted in Figure 2.7.
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(a) Stator excited DSPM [36] (b) Inner Rotor PMs and rotor field coils
(c) Outer rotor with PMs and rotor
field coils
Figure 2.6: Double excited machines with MMF sources connected in series (a) and (c) and
parallel connection in (b) [36].
(a) Homopolar flux path (b) Bipolar flux from PMs
Figure 2.7: Fluxes homopolar path [24].
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The rotor excited machines have a relatively simple topology however, there is need for
slip-rings for the rotor field coils. The stator excited machines have all the MMF sources i.e
field coils and PMs in the stator. They have the merits of a simple and robust rotor, good
flux variation capabilities and high torque density. An example is the double salient PM
machine (DSPM) in [36], where both excitations are in the stator and the need for sleep-
rings is avoided. In this topology, the use of flux focussing is made, and ferrite magnets can
be used for excitation purposes.
2.5.2.3 Mechanical adjustment for flux variation
For these machine types, the mechanical structure is adjusted to regulate the flux. These
adjustments include:
• Increase in air-gap size as introduced in an axial PM machine [28], provides flux
enhancement or weakening. The current is supplied from the stator and the machine’s
air-gap is adjusted by a spring and a hinge.
• Additional leakage paths that is applicable only for flux weakening purposes. Leakage
paths are introduced to adjust the PM flux [29,39]. End plates are also used to cause
a short circuit leakage path. During normal operation the end plates are positioned
far with the help of springs and full flux is provided for by the PMs. If flux weakening
is necessary, the end-plates are pushed into the rotor to provide a leakage path.
• Adjustment of flux barriers has been proposed in literature to alter the leakage paths
of flux barriers. An example is a low speed rotor Interior permanent magnet (IPM)
machine [30], iron segments of which are located outside the flux barriers. The seg-
ments are pushed into the barriers, as the rotor speed increases, to provide the PM
flux with a leakage path.
• Rotation of rotor or stator sections as described in [31,32].
2.5.2.4 Other machines with special means of flux variation
Some PM machines have two sets of 3-phase armature winding [33]. The flux variation in
this machine is such that the two sets of winding operate individually or together in a series
connection.
Another machine type is where Alnico magnets are magnetised and de-magnetised using
a short pulse of negative d− axis current [35], and reported to have effective flux variation.
The complex mechanism could have an effect on the torque density and the manufacturability
of such machines.
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2.6 Conclusions
An overview of the currently used wind turbine systems is described with focus on direct
drives and directly grid connected systems. Different variable flux machines are explored
with regard to the ways in which the flux-variation is achieved. It is concluded that some of
the designs, with the mechanical adjustments or special means have complicated structures
and control hence not desirable in this research. A rotor-excited, series-connected MMF
paths is chosen for further analysis.
13
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Chapter 3
Non-Overlap Concentrated Winding
for stator design
Direct drive wind generators are characterised by large diameters. The design and analysis
of such generator models inherently require effective inter procedural analysis and choice
of stator design. There are several existing literature [15, 40–45] and software tools such as
Emetor on non-overlap concentrated windings (N-OCW) showing the merits of the winding
topology and wide application usage. The study and analysis were carried out to support the
choice of stator design. In this chapter, N-OCW details and features useful in this research,
which include the choice of pole/slot combination for the generator design, manufacturability
and unbalance magnetic effects are described.
N-OCW also termed as fractional slot winding has been widely used in the design of per-
manent magnet machines for its low cogging torque, fault tolerant and easy manufacturing
features. It also has short end-windings compared to distributed winding, resulting in low
copper losses [40,44].
3.1 Non-overlap concentrated winding(N-OCW)
PM generators for low-speed and direct-drive applications are characterised by the high
number of poles of the machine. For a multi-phase machine with a design where the number
of stator slots Qs is close to or equal to the number of poles 2p, the non-overlap concentrated
winding is particularly suitable. This is due to the slots-per-pole q always being lower than
1 as
q =
Qs
2pm
6 1 (3.1)
The τs and the stator slot angle are key design parameters for the armature winding.
They are calculated from the number of armature slots, poles and the Dg as
14
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τs =
piDg
Qs
(3.2)
and
αes =
2pip
Qs
(3.3)
Therefore for a small pole-pitched topology, the slot size is also limited, however for the
three-phase being studied here as shown in (3.1), space in the slots is not an issue.
Armature windings having q < 1 are referred to in literature [42] in various ways that
include: fractional-slot pitch concentrated windings [44], tooth concentrated windings [43],
concentrated winding [15], fractional slot concentrated windings [45], fractional slot wound
[40], fractional-slot with non-overlapped coils [41].
Concentrated windings used to refer to windings having one slot per pole per phase, but
in recent years, the term is largely used for windings that are wound (concentrated) around
the tooth, i.e. with no overlapping. On the other hand, for the fractional slot windings
type, it is possible for both overlapping and non-overlapping options. In this dissertation,
the term non-overlap concentrated winding is used to refer to non-overlapping tooth wound
coils with a double layer.
The merits of the N-OCW are shorter end turns, higher efficiency, higher power density,
higher slot fill factor, lower manufacturing cost, better flux-weakening capability resulting
in wider constant power vs. speed range, fault-tolerance and a smooth torque [15, 40, 42,
44, 45]. However, the N-OCW presents challenges that include the presence of high MMF
harmonic [40], large synchronous inductance and a lower winding factor. These challenges
are mitigated by the choice of a pole slot combination with a high winding factor, high least
common multiple (LCM) value and a machine periodicity greater than one, as discussed
later in the chapter.
3.1.1 Generator periodicity
For low speed machines that have a high pole number, the generator can have coil sections
equal to
Gcs = gcd(Qs, 2p) (3.4)
where the winding repeats itself either with positive or negative periodicity (also referred to
as base winding). Whereas the full machine/generator is repeated by factor
Mp = gcd(Qs, p) (3.5)
and a periodicity value
Gp =
Gcs
Mp
. (3.6)
15
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Positive and negative periodicity is indicated by Gp = 1 and Gp = 2 respectively. The
number of stator slots and poles constitutes a fraction mq that consists of two integers with
no common factor that takes the form
mq =
Qs
2p
=
nmq
dmq
. (3.7)
that consists of dmq poles and nmq slots. For each generator section (Gcs) with dmq poles and
nmq slots, the phase inductances and subsequently d− and q−axis inductances are equal.
3.2 Choice of pole-slot combination
The choice of pole numbers is dependent on the rated speed of the generator (turbine) and
grid frequency. With the arbitrary number of poles, a slot combination for this poles is then
selected depending on the winding factor, LCM and machine periodicity.
3.2.1 Star of slots
The design of the winding is used by means of star-of-slots [40], where the main EMF
harmonics phasor is represented for each individual coil in a phase. For a given pole-slot
combination, the corresponding star-of-slot is characterised by Qs/Mp spokes consisting of
Mp phasors. The angle between the neighbouring spokes is
αph =
2piMp
Qs
, (3.8)
and the electrical angle between the EMF phasors of two successive slots is as given in 3.3.
For Qs/Mp = i·m for i = 1, 2, 3, . . . then each phase has equal number of phasors (for an
m−phase generator). This condition must be satisfied for the pole-slot combination to have
a feasible winding scheme.
3.2.2 Winding factor
The fundamental winding factors for different combinations of pole and slot numbers are
given in Table 3.1 for double-layer winding from 60 to 90 poles, and in Table 3.2 for the
single-layer winding. For the pole/slot combinations, the Mp value is used to determine the
harmonic effects in the generator.
Modular PM machines have an MMF distribution with fewer poles than rotor poles
Thus, the MMF harmonic component that interacts in the mean torque production is not
the fundamental but a higher harmonic component of the same order as the number of
pole pairs p/2. It is then called the main harmonic component or synchronous frequency
component. The order of the synchronous frequency component for the 68-pole, 72-slot
16
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Figure 3.1: Stator coil connection for each of the 3-phases constituting a total of 24 coils in 4
parallel paths (each path has 6 coils).
machine is then The corresponding winding factor is then called the winding factor of main
harmonic.
3.2.3 LCM values and machine sections
According to the turbine specifications provided, the generator could have pole numbers
between 60 and 90 the corresponding winding factors of which are presented in Table 3.1,
with their corresponding slot numbers. The generator can be sectioned depending on the
Gs as shown in Table 3.4. For the 68/72 pole slot generator choice, it has four generator
sections and negative periodicity as from (3.6). The higher number of the generator sections
yields a design with a balanced magnetic pull.
The LCM values are critical for determining the cogging torque of the generator. The
higher this value the better the performance of the pole/slot combination with regard to
cogging torque. The LCM values for the high pole slot combination are presented in Table
3.3.
The winding for the chosen pole-slot combination is as shown in Figure 3.1, where each
phase has 6 coils and 4 parallel paths, a total of 24 coils, and they are wound as shown in
the Figure 3.1.
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Table 3.4: Machine periodicity for varied pole slot combinations
Qspoles 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90
51 - 1 1 - 17 1 - 1 1 - 1 1 - 1 1 -
54 6 2 2 6 2 2 18 2 2 6 2 2 6 2 2 18
57 - 1 1 - 1 1 - 1 19 - 1 1 - 1 1 -
60 -. 2 4 - 4 10 - 2 4 - 20 2 - 2 4 -
63 3 1 1 3 1 7 - 1 1 3 1 1 21 1 1 -
66 - 2 2 - 2 2 - 2 2 - 2 2 - 2 22 -
69 - 1 1 - 1 1 - 1 1 - 1 1 - 1 1 -
72 12 2 8 6 4 2 - 2 4 6 8 2 12 2 8 -
75 - 1 1 - 1 5 - 1 1 - 5 1 - 1 1 -
78 - 2 2 - 2 2 - 2 2 - 2 2 - 2 2 -
81 3 1 1 3 1 1 9 1 1 3 1 1 3 1 1 9
84 - 2 4 - 4 14 - 2 4 - 4 2 - 2 4 -
87 - 1 1 - 1 1 - 1 1 - 1 1 - 1 1 -
90 30 2 2 6 2 10 - 2 2 6 10 2 6 2 2 -
93 - 31 1 - 1 1 - 1 1 - 1 1 - 1 1 -
96 - 2 32 - 4 2 - 2 4 - 16 2 - 2 8 -
99 3 1 1 33 1 1 - 1 1 3 1 1 3 1 11 -
102 - 2 2 - 34 2 - 2 2 - 2 2 - 2 2 -
105 - 1 1 - 1 35 - 1 1 - 5 1 - 1 1 -
108 12 2 4 6 4 2 36 2 4 6 4 2 12 2 4 18
3.3 Manufacturing methods
The large diameters of direct drive machines make the manufacturing of the stator core and
coils neither as easy nor inexpensive. In this section, the manufacturability of the stator
cores and coils with non-overlap concentrated winding is investigated. This is due to the
sizes of the direct drive generators that influence the cost and labour.
3.3.1 Stator cores
The stator core can be punched as a whole or segments as shown in Figure 3.2. For lam-
inations with large diameters, segmented core is a preferred choice as a full segment can
be difficult to work with. The segmented cores have the advantages of conventional man-
ufacturing methods. The main drawback is the large waste of core materials (but better
than a complete core) leading to an increased cost of the cores. The other option is to
have the laminations laser-cut. However this method is expensive and takes a longer time
for production. Other methods in literature include join lapped cores and spiral laminated
cores. These methods though they have low waste of the iron material, they require special
manufacturing techniques and production machines.
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(a) Full lamination. (b) Quarter segment of a core lamination.
Figure 3.2: Stator core lamination a) full, and b) a segment.
3.3.2 Stator coils
A complete or segmented laminated core can be wound by a special winding machine or
manually done, or pre-formed coils placed in the slots. The use of a special machine that is
an automated conventional procedure results in a low fill-factor. Manually wound coils can
achieve high fill factors and is also a conventional method. However, this method is slow
and with high production cost.
The third method is the use pre-formed coils, which can achieve high fill factor with the
right stator core. For the non-overlap winding topology, shorter end windings are resultant
from these coils. The other merit of these coil types is that they are easy to fix into the
stator slots. The main drawback is fitting the coils in semi-closed slots or designs with deep
slanted teeth which is challenging.
3.4 Conclusion
The choice of a 68/72 pole/slot combination results in a design with high a winding factor,
mitigates the cogging torque in the generator, low harmonics and posses a balanced magnetic
pull from the four machine sections. An open slot topology achieves a high filling factor and
can make use of pre-formed coils with N-OCW. Production of the stator cores in segments
reduces the cost, eases the labour and manufacturability.
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Chapter 4
Analytical Calculation of Variable
Flux SGs
In this chapter, an analytical design model is developed for a grid compliant variable-flux
synchronous generator (VFSG). A comprehensive derivation of the analytical model shows
the step by step design procedure of the wind generator taking into consideration the total
magneto-motive force (MMF) required. For a variable-flux SG that consists of two magneto-
motive force (MMF) sources (PMs and rotor field coils), the choice of the amount each source
can contribute to the total MMF required, termed as the hybrid ratio [9,25] is critical in the
design process. Therefore, the need for fast and flexible methods is crucial in an iterative
design procedure. Analytical methods offer models that predict the machine behaviour and
are computationally efficient [9,46–48]. With an analytical procedure or tool a larger design
space can be considered. An analytical procedure to calculate the structural mass of the
PM machines in the terms of the inner and outer diameters, axial length and peak value
of air-gap flux density is presented in [17]. In this proposed method, the concept of total
magneto-motive force (MMF) required by a generator is used. Then equations on torque,
power, copper and core losses, current densities and maximum flux densities in the air-gap
or the cores are used to size the generator. For simplicity, the air-gap flux density and the
air-gap diameter which is the main dimension are taken as constants. In addition, the steel
has a linear characteristic in the calculations.
4.1 Design specifications and material characteristics
The specifications requirement for the generators are listed in Table 4.1. They are derived
from grid-code requirements and previous prototype generator data. From the given spe-
cifications computationally efficient models that accurately capture the relationship between
design objectives and inputs are used to develop a VFSG analytical model with high accur-
acy in generator design for grid compliance, performance analysis and quick comparison of
23
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Table 4.1: Design specifications and material characteristics for Variable-flux synchronous
generator (VFSG)
Rated Power 13 kW
Rated torque 1300 Nm
Voltage 400 V L-L
Rated frequency 50 Hz
Phases 3
Rated speed 88 rpm
Air-gap diameter 0.620 m
Air-gap size 2 mm
Stack length 0.1-0.2 m
Stator current density, maximum 4 A/mm2
Rotor current density 6 A/mm2
Copper fill factor 0.5
Core maximum flux density, teeth/yoke 1.8/1.5 T peak
Core loss coefficient 0.37 W/m3/Hz2
Hysterisis loss coefficient 256 W/m3/Hz
Copper resistivity 20nΩm @ 750C
Remnant flux density 1.2 T
Magnet resistivity 1.4 µΩ
Magnet mass density 7500 kg/m3
Copper mass density 8950 kg/m3
Steel mass density 7880 kg/m3
Figure 4.1: Simplified magnetic equivalent circuit for (a) PM VFSG, and (b) non-PM VFSG.
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varied design models. There are three design models to be analysed:
1. Surface-PM VFSG: This design model has a conventional PM placed on the rotor
tooth surface. It has the simplicity of a series magnetic equivalent circuit analysis as
shown in Figure 4.1.a where the MMF from both sources pass through the PMs. Due
to the PMs having a relative permeability almost equal to that of air, the effective
air-gap size is increased as in (4.3)
2. Buried-PM VFSG: In this design model it is assumed that the MMF from the field
coils does not have to go through the PMs. Therefore the magnetic circuit does not
entirely have the two MMF sources connected in series. The reduced effective air-gap
leads to a lower copper mass in the surface-PM VFSG.
3. Non-PM VFSG: In this design all the MMF is supplied by the rotor field coils as shown
in Figure 4.1.b.
4.2 Design equations
4.2.1 Surface-PM VFSG design
The permanent magnet NdFeB-48H type, is chosen due to the high remanent flux density
Br=1.4 Tesla characteristic. The air-gap flux density is then expressed as
Bg =
Br
1 + ghpm
. (4.1)
With a peak air-gap flux density (Bg) of 0.8 T, and an air-gap size (g), the height of the
magnet is calculated from (4.2) as
hpm =
g
Br
Bg
− 1 , (4.2)
such that the effective air-gap size is
geff = g + hpm. (4.3)
For a 3-phase design, one of the machine’s design requirement is that it can achieve three
times the maximum current, therefore the ampere-turns per phase per pole-pair are taken
to be three times. The resultant magneto-motive force (MMF) required is calculated as
Frated−pp =
2
3
Bg
µ0
(geff ) = (NI)pp (4.4)
The rated torque can be expressed from the output power and rated speed that are given
in the specifications as
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Trat =
Pout
ωm
(4.5)
where mechanical speed ωm = 2pi60 rad/sec. From the torque expression of
Trat = 2piLstkRgσFtan (4.6)
and the tangential stress σFtan is between 12-21kPa, the Rg is the air-gap radius, the stack
length can be calculated as
Lstk =
Trat
2piσFtanR2g
. (4.7)
The electric loading is given by
Aload =
2mFrated−ph
3piDg
(4.8)
where m is the number of phases, and Frated−ph = pFrated−pp. The magnetic loading is
Bg,av =
Bg√
2
(4.9)
The total ampere turns in a phase (Ns,phIs) produced by the rated MMF, with Ns,ph- being
the total number of turns per phase in the stator, and Is - the rms stator phase current, is
Ns,phIs =
3
√
2σFtanDg
mBg,av
. (4.10)
The number of pole pairs (p) required to produce the required ampere-turns per phase can
be calculated from (4.4) and (4.10). Therefore the number of pole-pairs (p) that can produce
the required MMF in a circuit is then equal to
p =
Frated−ph = Ns,phIs
Frated−pp
. (4.11)
The tangential stress depends on the electric loading and magnetic loading as
σFtan =
pi
2
kwAloadBg,av (4.12)
The frequency, fs, is determined from the specifications as 50 Hz, from this the angular
velocity can be expressed as
ωel = 2pifs (4.13)
and mechanical as
ωm =
ωel
p
. (4.14)
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4.2.1.1 Magnetic flux evaluation
The pole pitch is calculated as
τp =
piDg
2p
. (4.15)
Taking the magnet span τm,sp = 0.8τp, the permanent magnet will produce a flux per pole
equivalent to
φpm,pp = Bgτm,spLstk. (4.16)
The flux per pole due to the armature field winding is
φarm,pp =
µ0Frated,pp
2geff
τpLstk. (4.17)
The rotor field coils supply a variation to the flux supplied by the PMs by a factor Krfc.
For grid compliance this factor is equal to 0.1 so that the voltage is increased by 10%. The
flux per pole due to the rotor field winding is then
φrfc,pp = Krfcφpm,pp. (4.18)
Taking a maximum flux density of Bt,max = 1.8T and By,max = 1.3T , in the core teeth and
yokes respectively, then the stator tooth width (bst) is
bst =
φpm,pp + φarm,pp
mBt,maxLstk
. (4.19)
The stator slot width is then
bss = τp − bst. (4.20)
From specifications Js = 4A/mm2 and the slot fill factor Kff = 0.5, the slot area required
to conduct the necessary ampere-turns or current is calculated as
(NI)pp = JsKffAss, (4.21)
where Ass = hssbss. This low current density value is chosen to reduce temperature effects
from the coils as cooling is from circulating air. Thus, the stator slot height is
hss =
(NI)pp√
2JsKffbss
. (4.22)
As open slots are used, and assuming a wedge clearance height (equal to the pole-shoe height
for the semi-closed slots) hpls = 2mm, then the pole shoe width bpls = bst. For other design
considerations the bpls = τm,sp. The flux density in the pole shoe is
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Bpls =
φpm,pp + φarm,pp
bplsLstk
. (4.23)
The flux density in the yokes can have a maximum value of 1.5 T,
hsy = hry =
φpm,pp + φarm,pp
By,maxLstk
. (4.24)
The rotor tooth width is calculated as
brt =
φpm,pp + φarm,pp
Bt,maxLstk
, (4.25)
and the slot width height as
brs = τp − brt. (4.26)
The rotor slot height is then
hrs =
(NI)rot,pp√
2JrKffbrs
(4.27)
where Jr−is the current density in the rotor field coils, and the rotor ampere-turns(NI)rot,pp,
to increase the total flux produced from the PMs by 10 % is
(NI)rot,pp =
0.2φpm,ppgeff
µ0τpLstk
. (4.28)
The rotor and stator tooth heights are calculated respectively as
hrt = hrs + hpls (4.29)
and
hst = hss + hpls (4.30)
The outer diameter is twice the outer radius Dout = 2Rout, with Rout being
Rout = Rg + g + hpm + hrt + hrs, (4.31)
and the inner diameter Din = 2Rin where
Rin = Rg − hst − hsy. (4.32)
4.2.1.2 Mass and volume calculation
The total active volume considering a lamination stack factor of 0.95
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Vact = pi(R
2
out −R2in)
Lstk
0.95
. (4.33)
The stator coil area is defined as
Asc = 0.5hssbss, (4.34)
whereas the length of the copper wire per phase is
lsc = 2(
Lstk
0.95
+
pi
2
τp)
Qs
3
, (4.35)
giving a total volume of stator armature winding of
Vs,arm = 3Asclsc. (4.36)
Consequently the rotor coil area is defined as
Arfc = 0.5hrsbrs, (4.37)
whereas the length of the rotor copper wire is
lrfc = 4p(
Lstk
0.95
+
pi
2
τp), (4.38)
and the total rotor copper volume is
Vrfc = Arfclrfc. (4.39)
The mass of the copper windings is then calculated as
MCu = MCu,r +MCu,s , (4.40)
where individual masses of the stator and rotor windings are
MCu,s = 8950Vs,arm, and MCu,r = 8950Vrfc. (4.41)
The volume of PMs required is
Vpm = 2pτm,sphpmLstk (4.42)
and the total PM mass is calculated as
Mpm = 7500Vpm. (4.43)
The approximate core volume for a pole-pair is calculated as
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Vcore,pp = Lstk[2hplsbpls + 2hssbss + 2hrsbrs + 2τp(hsy + hry)] (4.44)
and the total core volume as
Vcore = pVcore,pp . (4.45)
The total core mass is then
Mcore = 7880Vcore . (4.46)
The total machine mass is
Mtot = MCu +Mpm +Mcore . (4.47)
4.2.1.3 Iron loss calculation
Iron loss is estimated using the general loss equation in W/kg as
PFe = ChystfB
2
max + Cedyf
2B2max, (4.48)
which is dependent on the frequency, f , and maximum flux density, Bmax, in the iron cores.
Chyst and Cedy are the loss coefficients of the hysteresis and eddy current that are found in
the steel manufacturer catalogue. The total core loss is then calculated as [
Pcore = CChCepLstk[2B
2
plshplsbpls + 2B
2
t,max(hssbss +hrsbrs) + 2B
2
y,maxτp(hsy +hry)] (4.49)
where CChCe = Chystf + Cedyf2 is a constant calculated from the loss coefficients and the
frequency.
4.2.1.4 Copper loss calculation
The copper loss is calculated with an estimation without considering the influence of skin
effect by
PCu = p(I
2
phRs,pp + I
2
r,ppRr,pp), (4.50)
where stator resistance per pole-pair is given by
Rs,pp = ρCu
3
Qs
lsc
Asc
(4.51)
and the rotor resistance per pole-pair is given by
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Figure 4.2: Simplified magnetic circuit for buried-PM VFSG.
Rr,pp = ρCu
lrfc
p
Arfc
. (4.52)
The efficiency of the generator is then found by
η =
Pout
Pout + PCu + Pcore
. (4.53)
4.2.2 Buried-PM VFSG design
As the requirements of this topology is the same as the same of those of the previous model
with surface mounted PMs, the output power, rated synchronous speed, torque, core flux
densities, magnetic and electric loading are same. The air-gap diameter is also constant.
However, the magnetic circuit changes to Figure 4.2. This is on the assumption that the
MMF from the flux will go through the rotor teeth, air-gap and stator teeth and yoke than
go through the PMs (with µpm ≈ µ0).
The stator armature coils now has a flux linkage equal to
φarm,ppII =
µ0Frated,pp
2g
τpLstk. (4.54)
As the stator dimensions are taken as a constant, the analysis is the same as that of buried-
PM VFSG above. The only difference is the amount of rotor-field coils MMF supplied,
which is
(NI)rot,ppII =
0.2φpm,ppg
µ0τpLstk
, (4.55)
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and the new rotor slot height is
hrs,II =
(NI)rot,ppII√
2JrKffbrs
. (4.56)
What will change in the generator dimension is the rotor field coils which influences the
outer radius which is then
Rout,II = Rg + hpls + hrs,II + hry . (4.57)
4.2.3 Non-PM VFSG design
This is the conventional synchronous generator that is electrically excited, refered to as
EESG. This generators types do not have permanent magnets to supply the MMF require-
ment hence termed in this work as a non-PM VFSG. This model has an air-gap size that
is equal to the chosen air-gap value. It is taken that the slot is semi-closed with a pole
shoe Hence a high flux density can be achieved. The total MMF required is reduced when
compared to the MMF required for the PM VFSG topologies. This is due to the reduced
effective air-gap size and no PMs’ reluctance.
For a given air-gap size, the procedure as for the surface-PMs is followed. For an equi-
valent power rating and an equal air-gap flux density, the dimensioning is done. The stator
slot height is then
hss,III =
(NI)pp,III√
2JsKffbss
(4.58)
where
(NI)pp,III =
2φpp,IIIg
µ0τpLstk
. (4.59)
The rotor slot height is
(NI)rot,ppIII =
2.2φpp,IIIg
µ0τpLstk
, (4.60)
and the new rotor slot height is
hrs,III =
(NI)rot,ppIII√
2JrKffbrs
. (4.61)
The generator’s outer diameter then becomes
Rout,III = Rg + hpls + hrs,III + hry. (4.62)
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Table 4.2: Comparison of the three VFSG topologies using the analytical method.
Initial-PM SG Surface-PM VFSG Buried-PM VFSG EESG
Mass rotor [pu] 1 1.49 1.08 1.97
Mass PM [pu] 0.167 0.208 0.262 0
Efficiency [%] 96.4 94.8 95.5 87.2
4.3 Mass comparison of the three designs
The rotor mass of the non-PM VFSG (EESG) is almost double that of the initial PMSG
and the efficiency is reduced by almost 10 % as given in Table 4.2. There is a minimum
reduction of 1.6 % in the efficiency of the buried-PM VFSGs. As the PM height is increased,
the amount of MMF required varies as shown in Figure 4.3, where the topology with a
PM height hpm = 0 is the non-PM VFSG and the chosen topology with hpm = 8 mm is
the surface-PM VFSG. During normal operation, the MMF is supplied by the PMs only.
Depending on the direction of the rotor field current, boosting or weakening operation is
achieved. Therefore the PM VFSG topologies with nominal MMF from the the PMs are a
suitable choice for the grid-compliant wind turbine system.
A copper factor - αCu defined in (4.63), is dependent on the maximum air-gap flux
density as well as the air-gap size as shown in 4.4.
αCu =
Fmax(PM V FSG)
Fmax(Non−PM V FSG)
. (4.63)
This is the ratio of the amount of copper necessary for the flux variation capability to be
achieved in the PM VFSG to the non-PM VFSG designs. The MMF used in both designs is
the maximum amount needed for flux boosting or strengthening. An increase in the air-gap
results in an exponential decrease in αCu value as represented in Figure 4.4. This implies
that for large machines, PM VFSG designs are favourable as they achieve a better copper
factor.
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Figure 4.3: MMF versus PM height.
Figure 4.4: Copper mass ratio (αCu) versus air-gap size.
34
Stellenbosch University  https://scholar.sun.ac.za
4.4 Conclusion
In this chapter, analytical expressions and design aspects of variable flux synchronous gen-
erators with different topologies and three-phase stator winding were investigated for a
grid-compliant wind turbine system. Using the analytical model, the generator topologies
were compared in terms of rotor mass and overall efficiency. From the analysis it is pos-
sible to make a choice of the preferred PM VFSG topology to be used. The analytical
model/expression showed very good performance when evaluated with varied air-gap sizes,
maximum air-gap flux density and so on. This is advantageous to the generator design
procedure as numerical modelling allows a lot more flexibility than prototype testing does.
From the analytical design, a defined copper mass factor shows that the buried PM
VFSG topology with a 2 mm air-gap, achieves 39 % low amount of copper to achieve 10 %
flux variation for grid compliance,
Therefore, in particular, the significance of this chapter is the possibility of reproducing
an actual grid-compliant generator design with clarity and comparative accuracy, when
compared to the FEM analysis which is discussed in the next chapter.
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Chapter 5
FEM modelling and rotor design
analysis
In this Chapter PM VFSG topologies are analysed. The selected PM VFSG topologies
consist of two MMF sources both placed in the rotor cores combining the merits of PMs and
rotor-field-coils.
From the turbine of a 15 kW, surface magnet mounted, permanent magnet synchronous
generator (PMSG) that was built and tested in the EMLab of Stellenbosch University,
together with the results of the analytical analysis from the previous chapter, a surface-PM
design model is chosen as a benchmark surface-PM VFSG for this dissertation study. In
this chapter the analysis of the rotor design to validate the proposed models and design
procedure is described. The proposed PM VFSG models are then used to analyse the rotor
designs with identical stator constraints for the initial directly grid-connected PMSG. Two
topologies discussed in the previous chapter as well as two other rotor design topologies
are compared and analysed in terms of their generator geometry, MMF excitation sources,
stator back-EMF per phase, developed electromagnetic torque (Tem) for both no-load and
rated-load conditions, as well as the rotor voltage source. Conclusions are presented on the
four approximate models, and two generator design outputs are afterwards adopted for a
design optimisation procedure carried out.
5.1 Magnetic Field Problems Computation
There are a number of tools that have been developed over the years to study and ap-
proximate electrical machine behaviour in linear and non-linear modes. In this chapter, a
synchronous generator with two MMF sources in a rotating rotor is analysed by utilising
the finite element method [49] in MagNet solver from Infolytica. MagNet is a commercial
software tool that can solve several low frequency electrostatic and electromagnetic problems
in 2−D as well as in 3−D. In this study, the four generator geometries are analysed using
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their equivalent 2−D FE models. MagNet is used to analyse the proposed generator rotor
construction, with regard to variation in geometry specification, MMF sources, rotor field
current supplied, number of turns in the rotor etc., to obtain the adequate variables which
satisfy the desired mode of operation with regard to grid-compliance.
Magnetic fields are present around current carrying conductors and also exist around
magnetised objects such as permanent magnet material. The magnetic circuit quantities
are represented by magnetic flux, reluctance, and magneto-motive force. These magnetic
quantities can be thought of as analogous to electrical circuit quantities, such that the
electrical circuit analysis rules are applicable to magnetic circuits [10,50–52].
Magneto-static problems are problems in which the fields are time-invariant [52]. In this
case, the field intensity (H), flux density (B), and current density (J) must obey (5.1) and
(5.2)
J = ∇H (5.1)
∇B = 0 (5.2)
subject to a constitutive relationship between B and H for each material [49]
B = µH (5.3)
If the material is non-linear (saturating iron or permanent magnet material), the per-
meability, µ, is a function of B as in (5.4) [49]
µ =
B
H(B)
(5.4)
The MagNet solver converges such that (2.1) to (2.3) are satisfied via a magnetic vector
potential approach. Flux density is expressed in terms of the vector potential, Av, as in
(5.5)
B = ∆Av, (5.5)
J = ∆B(
1
µ(B)
) (5.6)
J = (
1
µ
)∆2Av (5.7)
This definition of B always satisfies (5.2). Then, (5.1) can be rewritten as 5.7. For a
linear isotropic material and assuming the Coulomb gauge, (∆.Av = 0), (5.6) reduces to 5.7,
then FE retains the form of (5.6) so that magneto-static problems in a non-linear B − H
relationship can be solved.
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The advantage of using the vector potential formulation is that all the conditions to be
satisfied have been combined into a single equation. If Av is found, B and H can then be
deduced by differentiating Av. Hence, the FE solver technique is based on the division of
the volume or domain in which this equation is valid into smaller volumes or domains or
so-called finite elements. Within each element a simple polynomial is used to approximate
the solution via iterative methods which in MagNet are conjugate-gradient, and Newton-
Raphson methods.
The procedure for numerical computation of magnetic field problems using MagNet is
divided into three steps, pre-processor, processing, and post-processing. In pre-processor
mode, the generator outline is drawn in the MagNet solver. The material properties are
defined, boundary conditions assigned and mesh generation is done. In the Processing mode,
the Maxwell’s equations are used in problem solution and in obtaining the field distribution
in the analysed domain of the generator. In post-processing mode, the calculations of
characteristics, and the obtaining of the necessary generator parameters are done.
5.2 Choice of generator topology
In this section, the generator topologies that will be analysed are discussed and their ad-
vantages mentioned. All the generator topologies have an outer rotor and the flux in radial
direction due to the merits discussed in previous chapter, specifically for a direct-drive dir-
ectly grid-connected generator. The outer rotor has the advantage of easir connection with
the slip-IG component and the wind turbine. Moreover, the outer rotor results in reduced
outer diameter and hence generators volume.
5.2.1 PM-VFSG Generator concept
The choice of radial-flux design is due to the simplicity of the overall design structure, and
a small air-gap size is achievable, leading to better active material utilisation.
The stator core is open-slotted for winding. These open slots permits the use of preformed
coil which leads to easier manufacturing procedure. This also leads to reduced mass of the
PMs to be used when compared to a non-slotted (air-gap winding) topology. The slots are
wide and shallow to allow a better fill factor. The winding type is a non-overlap concentrated
winding with a double layer. A three phase winding is adopted (to fit the direct grid-
connection) and two adjacent phases share the last/first slot in a group coil. The base
winding is 34-poles 36-slots with a winding factor of 0.953.
The outer rotor allows for direct connection with the rotor of the slip-IG unit and sub-
sequently direct connection to the turbines. Double excitation in the rotor is used due to
the fact that the PMs give high efficiency and reduced mass, and allow the use of small pole
pitches (desirable in high pole/slot numbers) that lead to reduced end winding. The rotor
field excitation (copper) on the other hand, allows the generator to achieve variable flux
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Figure 5.1: Cross-section of a surface-PM VFSG with an outer rotor.
Table 5.1: Surface-PM initial generator parameters as shown in Figure 5.1.
Parameter Di g τpm hm hst hsy hrt hry τS
Value 650 2 21.5-28.7 6 42 13 18 6.5 17.6
capabilities, that are crucial to direct grid connection. The MMF from the PMs therefore
produce a nominal constant flux linkage in the stator coils, whereas the MMF from the cop-
per excitation produces flux that is dependent on the amount and direction of the current
supplied to the rotor field coils. The magnets are placed on the rotor surface termed as
surface-PM VFSGs or buried in the rotor cores called buried-PM VFSGs. The NdFeB type
of PMs chosen for this generator topology leads to light weight, but has the disadvantage of
costs when compared to other magnet types like those made from ferrites. The rotor core
is slotted and the field coils filled with the copper on either side of the PMs as shown in
Figure 5.1.
The initial surface-PM VFSG is illustrated in Figure 5.1, showing the stator and rotor
with surface mounted PMs and coils on either side. The main dimensions of the generator
(a) Surface-PM (design II) (b) Buried-PM (design III)
Figure 5.2: Cross-section of open slots VFSG with N-OCW and outer rotor topology.
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Figure 5.3: Stator winding topolgy for the three phases (quarter generator) in MagNet.
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Figure 5.4: Winding topology of the rotor coils all in series in MagNet..
parameter values as defined in the figure are also given in Table 5.1. Figure 5.3 illustrates
the stator coil-connections in MagNet solver, for a section of all the generator designs being
investigated. The 17 rotor coils are connected in series as shown in Figure 5.4.
5.2.2 Materials used in the FEM model
In the FEM model one quarter of the generator has negative generator periodicity. This is
the advantage of the chosen pole/slot combination with four sections. Figure 5.5 illustrates
the second version of the benchmark surface-PM VFSG with open slots. The 2−D model
in the figure illustrates the material description in FEM. The definition is the same for all
the four generator topologies that were analysed (surface-PM semi-closed slots, surface-PM
open slots, buried-PM open-slots and buried-PM open slots but with two parallel rotor coil
connections). Material assignment in MagNet is via blocks. Each model part has a specific
name, a material assigned from the component library, and for the coils and an associated
current together with a circuit showing the connection as shown in Figure 5.3 and Figure
5.4. A PM-VFSG consists of four materials and air that form its components:
1. Air: For all air-gaps inside and around the generator model.
2. US Steel Type M470-50A : For the stator and rotor parts (laminations-0.5mm thick-
ness) of the generator.
3. Permanent magnet: NdFeB-48H: Sintered Neodymium-iron-boron permanent magnet
material used for the generator’s rotor permanent magnets.
4. Copper 5.77e7 Siemens/metre: Used for the stator phase windings and rotor field coils.
5. Epoxy: NOMEX:-for filling the coil slots.
Having set up the machine problem at the pre-processing stage, the MagNet from Infolytica
solves the magnetic field equations and produces results, for example the distribution of
magnetic flux in the machine. This can be done after the meshing process which is shown
in Figure (5.5b).
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(a) Material description in FEM using MagNet solver for surface-PM open-
slots design.
(b) Meshing in surface-PM with coarse meshing espe-
cially in the cores.
(c) Buried-PM with fine mesh.
Figure 5.5: Model in 2-D FEM. The coarse meshing shown in (b) takes 2 seconds for a static
solution to be solved, whereas a fine mesh as shown in (c) takes 300 seconds.
42
Stellenbosch University  https://scholar.sun.ac.za
In MagNet scripting languages supporting common object model (COM) such as VB or
python can be used to write scripts that automates the sequence of tasks. Typical tasks in
the script tasks [49] are:
• (a) Open a desired model in MagNet.
• (b) Apply a ’For-loop’ function that is controlled by a specified rotor angular step.
• (c) Solve and analyse the model.
• (d) Save the analysed data in a new file.
• (e) Rotate the desired parts of the machine by angular steps.
• (f) Solve and analyse the new rotated model.
• (g) Loop back to (d) or exit the for loop function when the desired final angle value is
reached.
• (h) Stop the analysis.
Post-processing of the solved field solution is then used to carry out further analysis of
the generator performance. MagNet solver provides the desired data for either stationary
or rotation of magneto-static fields. Thus the generator’s characteristic performance can be
predicted for different conditions of operation. To consider machine rotation it was necessary
to produce multiple field solutions from which the the generator’s back-EMF is determined.
5.3 Rotor design Analysis
The stator core and the winding design are the same for the different rotor types to be studied
either with surface-PM or buried-PM VFSG topologies. The rotor field coils are equal to
the number of PM poles. Three design topologies have the rotor coils in series connection,
while the fourth design has parallel connection. The rotor field coils are designed to develop
equal stator flux levels at no-load (Is=0). The steps used to develop the rotor design model
are :
• Draw the model in MagNet using preliminary design values of an existing generator
model.
• Get the no load stator flux linkage (MMF from PMs only).
• Switch on the current in the rotor field coils to increase the stator flux linkage by 10
%
• Adjust the rotor model with respect to the field coils, to investigate the impact of key
rotor magnetic circuit dimensions on overall design.
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Intial values
Calculate PCu,r
Calculation Ѱs
Constraints 
satisfied?
Modify design 
parameters 
No
Yes
End
Obtain Irfc,Vrfc,Nr
Figure 5.6: Rotor field coil design algorithm.
5.3.1 Finite element analysis for the rotor field coil design
Analysis for the rotor MMF sources to
• Achieve maximum air-gap flux density (Bg) with minimum rotor field current Irfc.
• The rotor copper loss PCu,r and saturation should be minimal.
The best design will need to develop maximum air-gap flux density with minimum rotor
field excitation current (Irfc) and voltage (Vrfc) for a given rotor copper loss (PCu,rmax
=150 W). The equations governing the design procedure are
Nr =
JrArs
KffIrfc
, (5.8)
Lrfc = Nr(2Lstk + 2piLr,ew) , (5.9)
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Table 5.2: Condition 1 results with constant rotor curent density Jr =4 A/mm2
Rotor design ψS PCu,r
Surface-PM semi-closed slots 0.045 193
Surface-PM open slots 0.045 124
buried-PM open slots 0.083 69.19
buried-PM open slots (parallel rotor coils) 0.0825 66.56
Rrfc =
pNrLrfc
σCuArs
, (5.10)
Vrfc = IrfcRrfc , (5.11)
Prfc = I
2
rfcRrfc , (5.12)
where, Nr is the rotor turns, Jr is the rotor current density, Ars is the rotor slot area, Irfc is
the current flowing through the rotor field coils, Lrfc is length of copper per rotor excitation,
coil, σCu is the copper conductivity, whereas Rrfc, Vrfc, and Prfc are the rotor field coils’
resistance, voltage and copper loss respectively. Lr,ew is the length of the rotor end winding
estimated as equal to piτp.
Figure 5.6 shows the algorithm used to calculate the number of turns and rotor field
coil excitation. As defined by equation (5.8) through (5.12), the rotor designs are evaluated
under three conditions.
1. Condition 1: Calculating the rotor copper loss and required rotor supply voltage,
keeping the rotor current density Jr constant at 4 A/mm2. The rotor field current
(Irfc) together with the rotor coil turns Nr, are varied for the optimum combination
to be achieved.
2. Condition 2: A constant number of rotor turns is chosen and Irfc is varied to calculate
the stator flux, ψS , rotor current density Jr, Vrfc and PCu,r.
3. Condition 3: Constant rotor field coils turns Nr is taken and Irfc is varied to calculate
the required Prfc and voltage it will produce in the stator with a fixed stator current
density Js = 6A/mm2 . (For the best design).
The algorithm allows, for each combination of ψS , and PCu,r, a selection of Irfc, Vrfc and
Nr combination which minimises the PCu,r. The rotor designs satisfying the above design
criteria are then chosen as suitable candidates.
For a rotor voltage supply of 48 V the rotor field coils Nr equal 46 turns for the different
rotor design topologies, however their copper losses are not the same as shown in Table.
5.2. Table 5.2 further shows that the stator flux per coil, is almost doubled when the design
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Figure 5.7: Variation of Irfc with increase in rotor turns Nr of the rotor field coils for surface-
PM 1 (with semi-closed slots), surface-PM 2 (with open slots), and buried-PM designs.
Table 5.3: Summary of the analysis that satisfies condition 2 for Nr equals 30 turns
Rotor design Irfc Jr Vrfc PCu,r ψS
1 5.4 6.2 48 259.2 0.05
2 4.8 5.8 27.02 131.4 0.05
3 4.5 2.1 10.44 46.96 0.083
4 10 2.3 4.93 49.28 0.084
changes from surface-PM to buried-PM generator type for a constant rotor current density
equal to 4 A/mm2. Each rotor design type, either surface-PMs or buried-PMs, has similar
outputs of stator flux linkage irrespective of the slot type or parallel connection of the rotor-
field-coils respectively. Overall the buried-PMs design yields the best results in terms of the
stator flux linked and the rotor copper loss.
Figure 5.9: Stator flux versus rotor coils current density for four rotor designs.
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Figure 5.8: Typical representation of Nr versus rotor voltage source for surface-PM.
The results of the study under condition-2 are summarised in Table 5.3 and shown in
Figure 5.9. After around 200 turns for all the design topologies studied, an increase in rotor
turns does not result in a reduced current as depicted in Figure 5.7. As the losses in the
rotor coils are needed to be minimal, the rotor turns in a coil for a series connection will not
be more than 80 turns as represented in Figure 5.8.
For a given rotor coil turns, an increase in the rotor current causes an increase in the
stator flux as depicted in Figure 5.9. The surface-PMs with semi-closed slots design has a
lower gradient in the stator flux increase with low rotor currents, then saturates. The surface-
PM open slot design follows with the same gradient but increases the stator flux more when
rotor currents are more than 12 A, before starting to saturate. The early saturation in the
design with semi-closed slot couls be due to the leakage flux. The buried-PM topologies
have a steep gradient in the stator flux with low current levels. There is a saturation region
then again a step increase with high rotor currents (greater than 25 A) shown in Figure 5.9.
The buried-PM topology is designed with rotor current less than 10 A for best perform-
ance. further increase in the rotor currents does not yield significant results as shown in
Figure 5.10. where for rotor current less than 10 A there is a less gradient in the power
to current relationship then becomes steep with higher rotor currents. This results im-
plies higher flux leakage, where not linear relationship is achieved in results of Figure 5.10b
between the output stator voltage produced to the rotor current supplied.
It is demonstrated that buried-PM VFSG, with open slot and series connection of the
rotor field coils, is considered the best design choice of the four rotor MMF designs. The
maximum air-gap flux density for all of the PM VFSG designs is around 0.71 T, however the
slot current density and copper losses at this air-gap flux density are high for the surface-PM
designs.
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(a) Rotor copper loss versus rotor field current
(b) Stator voltage versus rotor fied current
Figure 5.10: The third condition of design analysis for the buried-PM design with 30 turns in
the rotor coil, showing influence from the leakage flux.
5.4 Postprocessing
After FEM solutions post-processing is carried out to retrieve quantities such as co-energy,
force, torque, flux and flux density. From FE several outputs that are achieved include,
• Force and torque: These are calculated using Maxwell stress. Other methods include
Lorentz force and virtual.
• Back EMF: Variation of flux and flux linkage against rotor motion is used to obtain
the back EMF.
• Flux plots: These are helpful in estimating the leakage flux and determining the leakage
permeance.
• Flux density calculation: Which variation for each generator part can be achieved.
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• Permanent magnet working point: The visual effect of demagnetisation is carried out
from the B-H working point within each magnet element.
(a) Flux lines for the surface-PM VFSG
(b) For the buried-PM VFSG under the three three working conditions ofthe MMF sources (weakening
(Irfc= −1 pu), normal (Irfc = 0), boosting (Irfc = 1 pu))
Figure 5.11: Flux density distribution of chosen optimum designs
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Figure 5.12: Flux leakage that occurs in the surface-PM design 1.
5.4.1 Rotor PM Demagnetisation
The hard magnetic material used on the PM rotor is sintered neodymium-iron-boron, NdFeB
that has a linear 2nd-quadrant B-H characteristic at 200C. However, at higher temperatures,
say 120 0C, the 2nd-quadrant characteristic becomes non-linear and there is potential for
recoil working of the material. In terms of recoil working, an important area to consider
is demagnetisation or partial demagnetisation due to the thermal operating environment of
the permanent magnet. A typical open-circuit load line and how the 2nd-quadrant charac-
teristic becomes non-linear with elevated temperature is shown in Figure 5.13. N48H has
the material characteristics for the prototype generator. However it is not anticipated to
reach temperatures higher than 750 C which is a safe operation temperature. The risk of
rotor PM demagnetisation is taken in post-processing, where information was analysed to
calculate the B − H working point of each element defined in the rotor FE mesh. Figure
5.5b illustrates one of the rotor PMs with its internal mesh elements (triangles). Each of
these elements has a varied flux density value that is dependent on the particular element
as well as the rotor position. The flux density value for each rotor PM element is projected
on the PM material demagnetisation curve to ensure that they are of the desired operating
limits. In this analysis, each material is specified in the 2-D MagNET generator model with
numerous mesh elements. Each mesh consists of three nodes, each of which constitutes an
X, Y coordinate and vector potential as shown in Figure 5.5b. They are then solved using
data from the MagNet solver, as clarified in the tutorial [49].
5.5 Observations and Conclusions
In this chapter, there is a description of how rotor field coil analysis was performed using FE
analysis in MagNet solver to numerically evaluate four generator designs from a benchmarked
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Figure 5.13: Rare-earth PM (NdFeB-48H) magnetic characteristics.
surface-PM VFSG calculated analytically. The electromagnetic analysis is carried out to
satisfy grid compliance design. From the analysed rotor designs, it was found that the
rotor slot area is a key constraining factor. Another key outcome of the study is that the
location of the PMs on/in the rotor tooth where buried-PM design yields the rotor choice
as it produces the highest stator flux linkage (ψS) with the lowest values of Irfc, Jr, Prfc,
and Vrfc.
The magnetic circuit representations of the PM VFSG designs were obtained and the
magnetic flux calculated by using FE analysis in 2D FE solver. The numerical results for the
generator designs were successfully compared and showed good correlation with expected
performance. In addition, the design topologies were investigated for their NO-load and
rated back-EMF waveforms as well as their rated loss performance for a specified stator
slot current density. The validity of the static FEM results for the PM VFSG wind turbine
system with direct grid connection, was confirmed by a transient analysis in normal and
boosting modes. In both cases, the flux densities in the back-irons, stator windings and
rotor windings did not go beyond the maximum set value of 2 T. Thus, this alleviates the
necessity of thermal analysis.
The best design for the grid compliant PM VFSG with the specific advantages is the
combination of buried-PM and series rotor field coils in the rotor’s open slots.
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Chapter 6
Design Optimisation
The design optimisation of a grid-compliant permanent magnet variable-flux synchronous
generator (PM-VFSGs) is a non-linear multi-objective problem. The solution to the electro-
magnetic problem of such generators is an iterative procedure with the classical objectives
of minimal mass, reduced losses, and cost among others. In this chapter, a description of
a design optimisation procedure for a grid-compliant PM-VFSG is presented. The aim is
to achieve an optimum generator model, using design analysis and d− q transformation at
rated load and other operation points, defined by machine design specifications as well as
grid-compliance specifications.
The optimisation process achieves this in two parts: (a) a no-load and steady state optim-
isation and analysis of the generator at normal generator operation using a novel approach
that utilises a common representation for performance analysis, d − q transformation, and
MMF sources supply; and (b) a grid code specification design that exploits the optimum
design using the control strategy of reactive power compensation to provide a combination
of capabilities that is not reported in any previous wind generator optimisation approaches
in literature.
The optimisation procedure involves the use of a commercially available generic optimisa-
tion software tool Visual DOC, analytical and FEM models. Three optimisation algorithms,
Modified Method of Feasible Direction (MMFD), Particle Swarm Optimisation (PSO) and
Non-Sorted Genetic Algorithm (NSGA II) search algorithms, are used with the aim of ob-
taining a global optimum with reduced computational cost that encapsulates all the design
and grid-code inputs, constraints and objectives.
6.1 Optimisation
The overall design optimisation of the grid-compliant wind generator consists of initial as-
pects defined by design (dependent on material, mechanical and thermal) and secondly,
aspects defined by the grid code requirements of voltage, power factor and reactive power.
The optimisation algorithms available to achieve the best solutions for such generators can
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be divided into deterministic or stochastic types.
The deterministic approach constitutes a scalar objective, which utilises a fitness function
with a unique solution [53]. These methods exhibit a fast convergence in spite of gradient
calculation. The main drawback of these methods is the convergence to a local minima.
The stochastic methods use iterative improvement processes with either a single output
solution [22, 54–63] or population based outputs [4, 64–75]. These methods require more
evaluations of design candidates but are gradient-free. Solutions of these stochachastic
methods can be trapped by local minima only if the fitness function is poorly defined [76].
To solve problems, randomisation and local search are used by stochastic methods. A
reduced computational cost can be achieved in the population-based algorithms by use of
high performance computing techniques such as parallel computing [72,77].
6.1.1 Gradient-based methods
These optimisation methods fall under the deterministic methods discussed above. A
large variety of gradient methods are applied to machine design optimisation problems. A
gradient-based optimization of permanent magnet generator design for a tidal turbine was
carried out in [76]. Another typical example is the sequential quadratic programming (SQP)
that first converts a constrained optimisation problem into a unconstrained one by penalty
function and then applies sequential non-linear programming (BIGDOT) for optimization.
SQP is able to converge to an optimum solution after a few iterations but requires gradient
calculation. This method has been deployed for on-load calculation of HESG [22]. This
method is very similar to Sequential Unconstrained Minimisation Technique (SUMT) [56]
or sequential non-linear programming in machine design optimisation that are reported
in [55] [78].
Other deterministic methods include error-based optimisation search [61], Hooke-Jeeves
[62], Interval Branch and Bound method [63], interior-reflective Newton method [79], a
combination of the sub problem approximation method and the first-order method [80],
inverse problem method [81], and MMFD [5,13,46,50]. A major drawback of gradient based
search is the inability to use integer variables [76]. The MMFD is the algorithm in this
category that is chosen to be used in this research as there are no integer variables in the
optimisation procedure. The number of slots and poles are chosen and fixed during the
optimisation process.
6.1.1.1 Modified method of Feasible direction (MMFD)
MMFD is a gradient-based method, that converges to a solution within a few iterations and
easy is to implement [46]. MMFD is based on obtaining a sequence of feasible directions,
that is directions that reduce the objective function while satisfying the constraints. The
disadvantages include being trapped in a local minima [46,50,53,76] and poor performance
when constraints are highly non-linear or discontinuous.
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6.1.2 Non-Gradient based methods
There are two main categories of the non-gradient-based methods that include techniques
using genetic adaptation and those that are based on collective social behaviour. These
methods require more evaluations of design candidates but are gradient-free and are not
trapped by local minima. Examples of the former are genetic algorithm (GA) [64, 69–73,
75,82–86] and differential Evolution (DE) [77]. They are population-based techniques, with
performance criteria on survival-of the fittest. Other algorithms that have incurred interest
in the recent years include the gravitational search algorithm. This is an algorithm inspired
by natural behaviour and based on the Newtonian gravity. It has been used to optimise a
PMSG for a vertical axis wind turbine [87].
The GAs are the most used optimisation techniques in machine design. With three
genetic operators involving selection, crossover, and mutation, GA is efficient specifically
where no mathematical representation is present, there is large and complex design space, it
works with its own internal rules and is also used for problems that have a complex definition
or are difficult to define and in case of a search space when the designer has little knowledge
of the domain.
The DE just like the GAs uses populations of individuals to search for an optimal design.
The mutation in the DE unlike that in the GA is as the result of an arithmetic combination
of individuals. The DE is considered to be a reliable, accurate, robust and fast technique
[53, 77]. When the optimisation process commences the performance of the algorithm is
favoured by an exploration process of the mutation operator. As the evolution advances,
the mutation operator favours exploitation.
Another method is the Ant Colony that has been used when optimising a PMSG for
a DD wind turbine in [88]. Optimisation in this category constitutes a vector objective,
which utilises a fitness function with a set of satisfactory/good solutions such as NSGA-II,
or PSO algorithm that constitutes a scalar objective, which utilises a fitness function with a
unique solution. In this work, non-gradient-based methods of PSO and NSGA-II algorithm
are utilised to carry out the design optimisation of a PM VFSG
6.1.2.1 Particle Swarm Optimisation (PSO)
The Particle Swarm Optimisation (PSO) emulates the behaviour of a swarm of bees trying
to locate places with the highest density of nectar/flowers [77] [66] where the optimal search
is attained by a combination of self and swarm knowledge [74]. A representation of the
process is as shown in Fig. 6.1 by Duan.
Implementation of PSO is such that in each iteration, every particle updates its position
(6.1) and velocity (6.2) according to the following
Xik+1 = X
i
k + υ
i
k+1 (6.1)
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Figure 6.1: PSO optimisation process [4].
υik+1 = c1r1(P
i
best,k −Xik) + c2r2(gibest,k −Xik) (6.2)
where
υik+1 is the particle velocity
Xik is the particle’s position
c1, c2 are constants for self acceleration and social acceleration
r1, r2 are random numbers with values between 0 and 1
P ibest,k is the best position at the k-th iteration of a particle
gibest,k is the best position at the k-th iteration of the swarm
PSO is robust to the values of its running coefficients [77] and hence by simply following
a few guidelines [66], unlike in the case of DE, the PSO algorithm eliminates the need for
manual tuning of the running coefficients / control parameters. PSO has a better diversity in
the swarm than GAs the population of which evolves around a subset of the best individuals.
It further has a more effective memory capability than GA. These attributes make PSO a
choice as an optimisation method in this research where a single objective is used.
PSO is applied in [89] to a SMPM, to optimise a synchronous reluctance motor for trac-
tion applications, and in [77, 90] to induction machines. A better performance of PSO is
achieved by several methods such as Auto-Tuning Multi-Grouped Particle Swarm optim-
isation (AT-MGPSO) proposed in [ch6] for optimizing multi-model functions and applied
in [91, 92] to optimize an IPM generator. The mostly adopted way is to create a Pareto
repository to store all the non-dominated solutions where personal or global best are selec-
ted and the particles are still moved as single-objective PSO. Vector optimisation targets
to meet the optimal conditions for several objectives yielding what is commonly referred
to as a pareto optimal front. A pareto-optimal solution occurs if the improvement of one
objective function simultaneously decreases at least one of the other objective functions [93].
A multi-objective PSO (MOPSO) is an adaptation of scalar searching algorithms yielding
multi-objectives target. Proposed ways of selecting pbest and gbest include a random selec-
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tion [94] from the whole pareto repository, and from a specified portion of the repository
based on certain pareto ranking scheme [95]. More examples and comparisons of MOPSO
with other multi-objective algorithms can be found in [95, 96]. An important issue for
MOPSO is how to select the personal and global best [66,94,96].
6.1.2.2 Non-sorted Genetic algorithm (NSGA-II)
The non-sorted genetic algorithm (NSGA-II) is an evolutionary algorithm proposed in 2002
[97], that is gradient free, has a simple implementation, is fast and effective, and makes use of
multi- objectives and multiple solutions. Discrete values such as the number of turns, rotor
poles (2p) and stator slots (Qs) can be used in the optimisation procedure [46]. With all the
properties of the GAs it further has the properties of a fast non-dominated sorting procedure,
an elitist strategy, a parameter-less approach and a simple yet efficient constraint-handling
method [46].
Since none of the vectors dominate, they are equally good solutions which provide invalu-
able insight to the decision maker on how to choose the best design to satisfy performance
criteria. These non-dominant solutions belong to a pareto optimal set [53] .
Steps to implementing NSGA-II as mentioned in [97] involve:
i) Generation is a set of individuals or members,where each individual presents one
generator design. The initial generation is randomly chosen inside the boundary
constraints.
ii) Candidate population is obtained by a crossover and mutation process from the
existing population.
iii) Next generation is obtained by comparing the existing candidate population by
choosing members that satisfy boundary functions and/or have better objective
functions.
iv) Search through the design space is either discrete - floating values or integers.
v) Stopping criterion is the maximum number of iteration that is chosen in the
beginning.
This can be summarized as in Figure 6.2. of [97] where
• Rk is a combination of parent population PNSGA,k and children population QNSGA,k,
• FNSGA,i are the best solutions in the combined population
• PNSGA,k+1 is the new population of size N that is used for selection, crossover and
mutation to create a new population QNSGA,k+1 of size N .
NSGA-II, is deemed the best choice for optimising PM VFSG designs with many
diverse solutions.
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Figure 6.2: Implementation of NSGA-II [97]
.
6.2 Design model and optimisation procedure
6.2.1 Design aspects and considerations
An outer rotor topology’s advantage is that for a given volume the air-gap diameter is large.
The performance of the double excitation is that PMs produce the nominal MMF required
for the normal operation of the generator. The rotor field coils then supply additional MMF
that boosts the PMs flux just enough to achieve grid compliance. This operation principle
ensures maximum PM excitation advantages that include high efficiency, reduced mass and
allowing the use of high pole/slot numbers that lead to reduced end winding. The MMF
from the PMs therefore produces a nominal constant flux linkage in the stator coils, whereas
the MMF from the copper excitation produce flux that is dependent on the amount and
direction of the current supplied to the rotor field coils. The NdFeB-48H type of PMs are
chosen as they will lead to a generator with lighter weight and reduced rotor copper losses
which are the key aims in the optimisation. Depending on the position of the magnets, two
generator topologies can be achieved in the design procedure i) the magnets are placed on
the rotor surface, termed as surface-PM VFSGs, or ii) buried in the rotor cores, and called
buried-PM VFSGs. The rotor core is slotted on either side of the magnet pitch, and the
slots filled with copper field coils on either side of the PMs. The rotor field coils are then
all connected in series.
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Table 6.1: Generator design specifications for the three power levels
Parameter Value
Rated power P13, P100, P1MW 13, 100, 1000 kW
Rated voltage Vrat 400 V line to line
Rated speed ωs 88, 44, 22 rpm
Maximum voltage Vmax 1.1Vrat
maximum rotor loss ratio Protloss 1 W/kW
Efficiency η ≥ 94,
Torque T13, T100 , T1MW 1.4, 21.6, 432, kNm
Poles 2p 68, 136, 272
Slots Qs 72, 144, 288
Reactive power Q, (pu) 0.228, 0.228, 0.31
Power factor Cos(ϕ)min 0.95 or 0.975
Air-gap length, g 2, 2, 4 mm
Slot fill factor Kff 0.5
Rotor bridge thickness 1.5,1.5, 5 mm
PM type (NdFeB-48H) 1.4 T
Maximum air-gap diameter, Dgmax 6000 mm
Stack length, Lstk,max 1500 mm
Table 6.2: Cost of active material per unit mass for the prototype.
Material NdFeB-48H Iron Copper
Cost($/kg) 104.9 74.63 26.92
6.2.2 General design optimisation
The design specifications for the different power levels is provided in Table 6.1. It is shown
that for the pole slot combination of the 13 kW is 68/72, which is from a base winding
of 34/36 as previously discussed. With increase in power level, the number of poles and
slots increase too. In this work is adopted that for the 100 kW generator the speed is
approximately 44 rpm hence the choice of 136/144. Further reduction in the speed by half
to 22 rpm is adopted for the 1 MW with the pole/slot considered being 272/288. All the
power levels have the same base winding with varied machine sections.
Several design optimisation procedures of wind-turbine synchronous generators have been
carried out [15, 18, 45, 85, 88, 89, 98–105]. In Figure 6.3, the general design procedure for
the studied grid-compliant wind generator is presented. The optimisation procedure is
divided into two main parts. After the initialisation, the electro-mechanical design is carried
out to the satisfaction of the design specifications. From the initial dimensions, and the
chosen pole/slot combination, the conductors and cores dimensions are optimised based on
the electric and magnetic constraints. after the electromechanical design is complete, the
generator characteristics, specific losses and efficiency are calculated and tested if they meet
the set goals. After which, the grid compliance optimisation follows. In this part, the rotor
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Figure 6.3: General flow chart for the design optimisation.
dimensions is critical. If the grid requirements of voltage, reactive power are not met the
process is then iteratively solved till convergence.
6.2.3 Objectives of the optimisation
The objectives of the optimisation are:
1. To minimize total active mass MTot, and
2. To minimize rotor copper loss PCu,r.
subject to
1. Efficiency η > 0.94
2. TorqueT = Trated
59
Stellenbosch University  https://scholar.sun.ac.za
Figure 6.4: Cross-section of the generator with the variables used in the design optimisation.
3. Power-factor cos(θ) = 1, 0.975, 0.95 (depending on power-level and generator opera-
tion)
4. Reactive power Qgen ≤ 0.228
5. No-load voltage = grid voltage VN−L = Vrat
6. Maximum voltage Vmax = 1.1Vrat
Due to the fact that flux variation is a prerequisite in the design model, a balance between
the amount of MMF produced by the PMs and that of the copper excitation has to be
reached. In [8, 24, 25] hybrid values are calculated and studied. In this research, it is taken
that the 1 pu value of the total MMF is produced by the PMs and the approximate 0.1
pu incremental is produced by the rotor copper excitation. As deduced in this work, such
operation yields in a generator model with grid compliance capability, reduced total mass,
high efficiency and, in the event of failure in the rotor field excitation, the PM- VFSG can
operate to rated performance as a conventional PMSG [6,10].
6.2.4 Design variables
The optimisation procedure is carried out with 15 dependent and independent variables
shown in Figure 6.4. and defined in Table 6.1. and Table 6.3. In the initial stages of the
optimisation, the no-load voltage/ EMF from the PMs and when rotor field coils have a
current supply are considered as variables. The variables are determined from winding and
design factors such as
• Number of layers, pole-pitch, 2p
• Number of turns Nr, Ns,
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Figure 6.5: Cross-section of the generator topology showing dpm variable with the lowest value
specified in Table 6.3with PMs at the top of the rotor tooth. It will then vary to dpm = 1
as in Figure 6.4. In the beginning of the optimisation dpm = 0 when surface-PM designs are
optimised.
Table 6.3: Variables and their ranges used in the design optimisation
Variables description Variables and range
Stack length ratio 0.3≤ LstkP ≤ 2
Air-gap diameter ratio for 13kW, 100kW, 1 MW 0.08, 0.1, 0.3 ≤ Dg ≤ 1
Stator tooth width to slot pitch ratio 0.28 ≤ bst/τs ≤ 0.72
Stator yoke height to stator coil height ratio 0.2 ≤ hsy/hsc ≤ 1
Rotor tooth width to pole pitch ratio 0.28 ≤ brt/τp ≤ 0.72
Rotor yoke height to rotor coil height ratio 0.2 ≤ hry/hrc ≤ 1
Stator and rotor current densities [2 ≤ Js, Jr ≤ 12] A/mm2
PM depth into the rotor tooth 0, 0.15 ≤ dpm ≤ 1
• Coil diameter
• Core, PM and winding material
• PM height
• Magnetization direction
• Teeth and slot type
• Inner and outer diameter
• Stack length
6.2.4.1 Dpm as a design variable
To generalise the design optimisation procedure, a variable dpm is defined such as when its
zero, the generator designs are optimised as surface-PMs and when it varies according to
Table 6.3, then its a buried-PM topology as defined in section 6.2.1.
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6.2.5 Design constraints
The aim is that the optimal designs obtain high efficiency with
i) Vnom = Vgrid produced by PM flux
ii) PCu,r ≤ 1% Prat rotor copper loss
iii) At Vgrid= 1.1Vnom then Qgrid = 0.228 pu
iv) Bmax =1.8T in any point in the generator
Constraints:
• PM type Br=1.4T
• Air-gap size=2 mm
• Current density of field coils Js = 6 and Jr = 6
• Slot fill-factor Kff = 0.5
• Winding factor Kw = 0.953
• Flux density in the teeth and yoke cores Bt,max = 1.8T and By,max = 1.5T
• Air-gap flux density Bg,min = 0.7T .
6.3 Problem formulation
In the four topologies studied in this work, a double layer stator core with 72 slots is
adopted. In the modelling procedure in FEM, a quarter-section is used having 18 slots and
with negative periodicity as discussed in chapter 2. The rotors considered are :
1. Surface-mounted-PMs which can further have a) open slots and straight teeth or b)
semi-closed slots with straight slots.
2. Buried-PMs with open slots and straight teeth, and these are further divided according
to the rotor coils as a) double layer and b) single layer.
For all the designs a clearance for the magnetic wedge is allowed to enhance the end tips
as well as the teeth bridges that ensure mechanical strength as well as saturation effects
of the teeth.In all the generator designs considered, the air-gap diameter, number of poles
and slots, frequency and speed values summarized in Table 6.1 are taken as constants. The
air-gap diameter is fixed to a value of 0.62 metres (for the 13 kW generator). The current
densities in both the stator and rotor vary as the stack length varies. The MMF from
the PM flux produces the no-load voltage (400 V as specified in Table 6.1). The NdFeB
magnet remanence and relative permeability are equal to 1.4 T and 1.01, respectively. The
steel lamination taken for the construction of both stator and rotor cores is M530-50A.
The stator and rotor geometric design parameters and corresponding ranges used in the
design process are summarised in Table 6.3. It should be noted that in the case of the semi
closed surface-PM and open slot surface PM generator designs, 17 and 15 dependent and
independent parameters are used respectively in the design procedure. Whereas, for the
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open-slot buried-PM double layer rotor and open-slot buried-PM single layer rotor designs,
16 and 15 design parameters are used respectively, in the design optimisation procedure.
An additional search of an optimum current angle that results in maximum torque pro-
duction at unity power factor or there about is performed for every generator design solution.
In the optimisation procedure using the d − q analysis, the number of rotor turns is cal-
culated at no-load for the increased grid voltage. With the voltage and current achieved
as described in the previous chapter, the reactive power capability is searched at rated op-
eration. As shown in the flowchart of Figure6.3. the procedure is hastened by having the
designs that satisfy design requirements going to be optimised for grid specifications. The
4 topologies (surface-PM and buried PM) as mentioned above, with variables as shown in
Figure 6.4. are evaluated with 2,500 possible designs each, resulting in a sum of 10,000
design evaluations. Each design topology consumed varied simulation time depending on
the optimisation method utilised as given in Table 6.4. This is discussed in techniques that
make use of meta-heuristic methods [87,88,103,106](e.g., GSA, ,PSO, NSGA-II) have been
shown to be scalable, but one or two orders of magnitude slower than those that use heur-
istic methods [8, 76] (e.g., MMFD or SQP). With the MMFD having the least time and
NSGA-II the longest time of up to 18 days on a typical desktop computer with dual core
processor and 16GB RAM. It should be noted that the longer times could be due to other
programs running or the interfacing of other softwares that included MagNet solver, Visual
DOC, Python scripts, and Notepad scripts. A faster evaluation is possible with the use of
parallel computing [77], or CE-FEA as in [107,108]with multiple cores.
Table 6.4: Comparison of simulation time for NSGA-II with PSO and MMFD optimisation
algorithms.
Power level (kW) NSGA-II PSO MMFD
13 0.274 0.061 0.000945
100 0.275 0.063 0.0018
1000 0.26 0.083 0.0013
6.4 d− q modelling
The proposed model allows for each generator design to be evaluated specifically with regard
to topology as well with individual design performance. The overall model is chosen to
converge to a solution with minimal computation time to estimate the control strategy on
the wind generator system. With the afore-mentioned aims, the modelling is based on the
steady state d− q equations of the generator, equations (6.3) - (6.8) and the phasor diagram
represented in Figure 6.6. According to these objectives, a classical first harmonic model
based on a synchronous d − q reference frame is developed in (6.3) - (6.5). The novelty of
this model is that it can be solved by using flux linkages in d − q reference frame taking
into account the currents at no-load and rated operation while considering grid-compliance.
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Figure 6.6: d− q equivalent circuits and phasors for modelling the grid-compliant PM VFSG
models.
The operation at both states is such that the magnetic saturation and armature reaction are
evaluated. Secondly, the flux at both operation modes considers the excitation with PMs
only and also a combination of excitation sources.
Vq = −RsIq−XdIqq + E0 (6.3)
Vd = −RsId +XqIq (6.4)
T =
3
4
p[(Lq−Ld)IdIq + λmIq]. (6.5)
The no-load voltage developed is from the PM flux and the rated speed using E0 = λmωs.
The Vd and Vq voltages are dependent on the maximum grid voltage (Vmax =
√
2Vrms) and
the load angle (δ)
Vd = Vmaxsin(δ), Vq = Vmaxcos(δ) (6.6)
whereas the d − q currents depend on the maximum stator current (Imax = √2Irms )
and the current angle (β)
Id = Imaxsin(β), Iq = Imaxcos(β). (6.7)
The voltage evaluation is done with Vmax = Vgrid at nominal grid voltage (PM flux only),
and when it is equal to Vmax = 1.1Vgrid (PM and rotor field coils flux).
6.4.0.1 Inductances and d− q flux linkage calculation
The d− q inductances are then found from the known flux linkages and currents as
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Figure 6.7: Phasor diagram at unity power factor for (a) surface-PM VFSG, and (b) buried-PM
VFSG with inverse saliency.
Ld =
λd − λm
−Id
, Lq =
λq
−Iq
(6.8)
The uniqueness of this d− q modelling lies in getting the d− q flux linkages. The d− q
flux linkages are acquired from FE static solutions as in [22, 50]. Each generator model is
drawn in MagNet and its topology is unique. The d-axis flux-linkage takes into account the
rotor MMF sources as well as the d − axis stator current. On the other hand the q−axis
flux-linkage depends on the q − axis current.
6.4.1 Current angle evaluation for maximum torque production
As the PM VFSG operates in an uncontrolled wind turbine system, the β has to be solved
in order to simulate the steady state performance of the generator.
The variable-flux PMSG operates in an uncontrolled system as shown in Figure 2.2.
Therefore the currents of (6.7) have to be solved in order to simulate the steady state
performance of the generator. For quick simulation results the d − q inductances of the
generator are first determined as functions of current. Several methods are mentioned in
literature such as the load test method. This study evaluates λm at no-load ( stator current
switched off), and the d− q flux-linkages at different loads from static FE solutions. From
the calculated values, and an arbitrary chosen value of β and then using (6.7).
Three unknowns, d − q inductances and the load angle δ, can be solved from the three
equations (6.6) - (6.8). The solution steps followed are:
1. Irms is calculated from the rated power and the power factor,.
2. λm is calculated at no-load from the FE solution after the correct choice of stator
turns. It is assumed that at load angle δ, and current-angle β are zero. λd and λq are
then calculated from (6.8).
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Intialization
Reluctance Calculation
Flux linkages calculation
Voltage calculations
Grid voltages 
satisfied?
Modify design 
parameters 
No
Yes
End
Figure 6.8: Flow chart of the iterative procedure in current calculation. (Note that the design
parameters being modified are Ns, Nr, Id, Iq, Vd, Vq, β and δ).
3. Initial values of Id and Iq are calculated from the known value of Irms and an arbitrary
chosen current angle β.
4. The FE model uses the known currents and current angle to solve for Ld and Lq
from their respective flux linkages as in (10). Rs is analytically calculated from the
slot dimensions and the copper losses read from the FEM solution. End winding
inductance Lew is calculated analytically as in [] and added into the Ld and Lq values
from 2−D FE values.
5. The initial values of Ld and Lq together with the λm and Irms are then used to calculate
new values of Id , Iq and δ.
In the procedure of optimisation to satisfy reactive power and higher (boosting) no-load
voltage, the procedure with the current evaluation follows the flow chart as in Figure 6.8. In
the current evaluation process, the objective is to find the unique solution ( of Id, Iq, β, Ns,
Nr, Irfc) that satisfies each operating point of the generator (Vs, Is and cos(θ)). Then, the
generator performances (Prat, Qgrid, η) associated with the operation as per the grid codes
are determined.
6.4.1.1 Power and reactive power calculation
The active power generated is calculated from the voltage, current and power factor by
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Intialization
Current evaluation
Flux linkage evaluation
d-q analysis
Satisfies Operation 
and grid constraints?
Design Adjustments
No
Generator performance
Yes
Satisfactory 
performance?
End
Yes
No
Figure 6.9: d− q axis analysis and performance evaluation flow chart
67
Stellenbosch University  https://scholar.sun.ac.za
Pgen = 3VrmsIrmscos(θ), (6.9)
and the reactive power delivered to or absorbed from the grid as
Qgen = 3VrmsIrmssin(θ). (6.10)
6.4.1.2 Efficiency evaluation
The efficiency of the generator is then calculated from the torque, speed and losses as
ηgen =
Tωs − Ploss
Tωs
(6.11)
where Ploss includes copper losses, eddy current losses, core losses and the windage-and-
friction losses.
The d − q axis analysis for grid-compliance and performance procedure follows a flow-
chart summarised as shown in Figure 6.9. This calculation employs the d − q equivalent
model coupled into the optimization problem in the grid-compliance sub-process of Figure
6.3,to find the good control for required design and grid specifications.
6.5 Optimisation: summary of contributions and conclusions
There are three key novel aspects to the deployed design optimisation procedure, which have
not been reported in the existing literature:
(i) This work has described three optimisation methods which are needed to achieve scal-
able design optimisation analysis for grid compliant PM VFSG. It is shown that d−q analysis
can be used with the three different optimisation algorithms in the design optimisation of
wind generators with minimal computational cost.
(ii) The optimisation procedure incrementally evaluates each design candidate for design
specifications as well as grid specifications using the d− q equivalent circuits in the analysis.
The procedure uses a novel extension in the d− and q− current calculation permitting
incremental discovery of flux linkages in the current evaluation, even when the designs and
performances are varied.
(iii) The design procedure uses a simple mechanism (d − q steady state and no-load
circuits) to solve several design problems in d − q analysis including current and voltage
information, current evaluation with iteration, and power and reactive power requirements
including correct handling of incomplete design sub-phases. This allows it to analyse portions
of the procedures in parts of the design procedures (e.g d − q analysis at a specific voltage
value or current angle calculation).
(iv) The need to achieve a scalable “fully grid-compliant sensitive” optimisation pro-
cedure, has been fulfilled by the use of a unified approach. Combining design analysis,
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grid-compliance and separate current evaluation, it makes sure that the analysis represent-
ation to grow large, despite using a deterministic field-sensitive representation in parts of
the procedure.
(v) Design optimisation analysis is efficient and achieves convergence times that are com-
parable to non-grid-compliant designs using the same methods. This result indicates that,
given a target analysis time budget, a generator design engineer can choose to implement
either a gradient-based optimisation method (such as MMFD), or a non-gradient-based ap-
proach (such as PSO or NSGA-II algorithms with refinements). Finally, this scalability
makes the procedure efficient enough to be reasonable for inclusion in commercial design
tools (such as, Visual DOC).
The design optimisation procedure described is efficient and can be used in other methods
and power levels. These application specifics do not affect the theoretical time bounds of the
optimisation algorithm, but can make the design procedure faster on some PCs or programs.
It is shown that the design procedure is extremely fast in practice (it takes less than 10hrs
to obtain an optimum design with 15 or more variables ), uses very little memory, and scales
very well in analysis time and memory footprint for 10 benchmark solutions of MMFD
solutions.
The method as a research contribution is achieved by using dpm variable, which allows
the optimisation to analyse both surface-PMs and buried-PMs VFSG topologies. Then key
design details using d−q analysis described make the design optimisation procedure efficient
enough to achieve the objectives and carry out the necessary test points (of reactive power,
nominal and over voltage and PM plus rotor field coil flux). These application specifics do
not affect the general design procedure of a generator, but in-cooperate novel characteristics
satisfying both design and grid specifications.
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Chapter 7
Results and Discussion
The optimisation procedure of the grid-compliant PM VFSG for a slip-synchronous system
described in chapter 6 is directly aimed at improving the performance of the wind-turbine
application, that is for a PM VFSG to achieve grid-compliance through variable flux cap-
ability. The interesting aspects include: 1) How will the different optimisation algorithms
perform when following the proposed method? 2) What is the aggregate performance impact
of the optimisations? 3) What contribution to the aggregate impact does each optimisation
make? Also, because Chapter 5 and 6 did not evaluate the performance impact with regard
to higher power levels, it is done here. To quantify these aspects of the optimisations, the
optimisations were ran on the same set of programs and on the same computer, with the
same tools that were used to evaluate FEM modelling in Chapter 5 and Chapter 6.
7.1 Optimisation methods
The design optimisation of the studied grid-compliant PM VFSG was implemented in Visual
DOC tool. Making use of d− q transformation equations, FE analysis in MagNet solver and
three optimisation algorithms ( MMFD, PSO and NSGA-II that are in VisualDOC suite)
with the procedure being automated using a python script. The script has initial values that
are used to open the MagNet solver, draw the generator model, assign materials, solve static
solution and then write out an output file. This output file is then used in a separate script
with analytical equations and exports the output file to visualDOC for optimisation. The
optimisation procedure solves the problem according to the inputs, variables, constraints
and objectives and writes out an output file that is updated for a repeat to be sent to
MagNet via the python script.
VisualDOC calls the python script, applies standard optimisation procedures to each
task and links the initial input files and solutions to provide an output file for the iterative
process. At first, the input files from the optimisation setup are computed into the script
to draw the model into MagNet solver that has been opened by the script. The FE analysis
solves static solutions and returns the solution to the python script for further analysis and
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Figure 7.1: Convergence of solution using MMFD algorithm for buried-PM design with the
mass PM in kgs .
additional analytical evaluations. The solutions are then passed into VisualDOC for the
optimisation. Finally the optimum solution is printed out after all constraints are satisfied
or otherwise and the procedure is terminated.
MMFD algorithm solves a single objective problem and gives a single output solution.
The convergence rate is fast as shown in Figure 7.1. However, due to the problem of local
minima, the starting points of the initial conditions are chosen for 10 different solutions.
The advantage of this method is that after analytical evaluation of the design, the design
space is small and the method is viable.
The PSO algorithm is of a scalar objective, which utilises a fitness function with a unique
solution just like the MMFD. The advantage of the PSO algorithm is that the stopping
criteria can be set for example once the solution repeats for a certain number of times say
10 or 15 times. As shown in Figure 7.2a the solution does not change after 40 iterations and
the algorithm could have stopped after 55 iterations. This is unlike for NSGA-II that has
to run all the iterations, as depicted in Figure 7.2b.
In the result presented in Figure 7.3 it is shown the variation of efficiency with increase
in the total active mass for optimum surface-PM VFSG designs. A mass range of between
210 and 245 kgs can be chosen from the design optimisation. For the buried-PM VFSG
designs, a total active mass of between 192 to 206 kg is shown.
The NSGA-II on the other hand has the advantage of multi-objective problem formula-
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(a) PSO algorithm. (b) NSGA-II.
Figure 7.2: Convergence of PSO and NSGA-II algoritms for the buried-PM design and mass
PM in kgs.
Figure 7.3: Pareto front for total active mass versus efficiency for a surface-PM VFSG design.
Figure 7.4: Pareto front for variation of Efficiency with total active mass buried-PM for 13kW
generator.
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Figure 7.5: Pareto-front for rotor loss ratio with increase in total mass for buried-PM VFSG
with colour code of how deep the magnets are buried in the rotor teeth.
Figure 7.6: Pareto-front for rotor-loss-ratio versus mass of optimum surface-PMs VFSGs.
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Table 7.1: Comparison of efficiency and mass values from the three optimisation methods.
Performance MMFD PSO NSGA II
Mass surface-PM 200 200 218
Mass buried-PM 190 190 197
Efficiency surface-PM 0.938 0.94 0.943
Efficiency buried-PM 0.946 0.95 0.952
tion with a set of viable solutions, as shown in Figures 7.4 and 7.5. The solutions displayed
in the pareto-front, allow an informed choice of the best solution of the optimum designs.
This is as shown in Table 7.1, where the optimum design is selected by the designer putting
in consideration other performances, for this study the rotor-loss ratio output.
7.1.1 Rotor-loss ratio
The rotor loss ratio defined as the loss of rotor field coils in watts to the rated power in
kilo-watt (W/ kW) is shown in Figure 7.5 and 7.6. For this study, the rotor copper losses
are evaluated twice: one when the generator is operating at rated load but can generate
0.223pu and secondly when the generator is running at no load and with 1.1 pu voltage.
The higher copper loss is then used then used for the graphs. Each optimum design in the
graphs are then depicted in colour to indicate the depth at which the PMs are buried in the
rotor tooth-core as depicted in Figure 7.5. The X − axis of the graphs shows the variation
in total mass which ranges from 192 to 225 kgs. The Y − axis, on the other hand, depends
on the ratio of the maximum amount of rotor copper loss to rated power for each candidate
design.
From this results, it can be observed that the two objectives of minimum mass and
minimum rotor loss-ratio are contradicting hence the use of multi-objective optimisation. A
slight increase in mass results in better copper utilisation. This is an important characteristic
for the designed machine as the PM VFSG needs to be competitive to both the PMSG (no
field excitation losses) and non-PMSG (with field excitation losses). Obtaining a low copper
mass for the excitation is a positive result for this research study.
7.2 Grid compliant 13 kW generator power level
For MMFD and PSO algorithms, the results of the optimum designs are one solution that
is displayed. However, for the NSGA II, the optimisation results are pareto-fronts of non
dominant solutions, the objective functions of which are depicted in Figures 7.5-7.4. The
efficiency variation with increase in mass has the colour variation of each generator design
with reference to their respective active volume. It was observed that the increase in mass
due to the rotor field coils do not impede the generator efficiency performance. It is noted
that an increase in the volume (attributed to an increase in the air-gap diameter) has a
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Table 7.2: Comparison of time taken for the three optimisation methods to run 40 and 200
iterations of the 13kW generator.
Iterations NSGA-II PSO MMFD
40 0.274 0.061 0.000945
200 1 1.31 0.000945
Table 7.3: Optimum key dimensions of the generators with 13kW.
Surface-PM VFSG (Open slots) Buried-PM VFSG
Dg[mm] 620 620
Dout[mm] 694.8 672.8
Din[mm] 523.2 511
Lstk[mm] 135 135
hss[mm] 38.97 38.67
bss[mm] 13.47 13.47
hrs[mm] 18.55 16.2
brs[mm] 15.8 15.8
Ns[turns] 80 140
Vno−load 1pu 0.995pu
penalty on the efficiency of the generator which reduces form the 95 % achieved by the
optimum generator design. An interesting result is that a 16% increase in the generator
mass still has a high efficiency output.
From the results of the design optimisation in Fig. 7.5, colour variation for each generator
design candidate is used to show how deep the PMs are embedded in the rotor tooth core.
It is observed that most of the optimum solutions have the PMs buried deep in the rotor
tooth core (0.8 to 1with 1 being completely at the bottom of the tooth).
Table 7.2. shows that the choice of the optimisation method and the number of iterations
influences the performance of the optimisation procedure. A choice with a high number of
iterations, makes NSGA-II competitive with the PSO’s solution time. For optimisation pro-
cedures with maximum number of iterations chosen to be 40, PSO has a faster convergence
than NSGA-II. It takes 25 % of the time taken by NSGA-II (from Table 7.2) to converge
but the accuracy of the minimum mass result does not consider the rotor copper-loss ratio.
The choice of the number of iterations is key in the optimisation of generator designs
especially as it curbs the computational cost of optimisation algorithms.
With the properties of a fast non-dominated sorting procedure, an elitist strategy, a
parameter-less approach and a simple yet efficient constraint-handling method, NSGA-II, is
deemed the best choice for generator designs with many diverse solutions.
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Figure 7.7: Wire-frame for drawing the designs in MagNet FE before material assignment for
surface-PM generator designs with a) open slots, and b) semi-closed slots topologies.
Figure 7.8: Buried-PM generator topology showing two different options to bolt the laminations
into a stack.
7.2.1 Optimum generator design parameters
Comparison of the optimum generators of surface-PM and buried-PM shows that the buried-
PM achieves higher efficiency and reduced rotor mass as shown in Table 7.1. The key
dimensions of the topologies are given in Table 7.3. Cross-sections of the optimum designs
are shown in Figures 7.7 to 7.9. As depicted in Figure 7.7, open slotted surface-PM design has
a narrower slot size unlike for the semi-closed slots design which narrow teeth are applicable
as the magnets have a pole-shoe for their placement. The flux densities in all the designs
were ranging between 2 T to 2.26 T. This is with the highest being achieved by the surface-
PM with semi-closed slots. The burried-PM topology has a low average flux density in the
teeth and cores. However, around the magnets there is higher saturation. In the prototype
design, this was put in consideration and the slots filed into circular ends. The full diagrams
of the designs shown in Figure 7.10.
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(a) Surface-PM VFSG design with semi-closed slots.
(b) Surface-PM open-slots design.
(c) Buried-PM design.
Figure 7.9: Flux density distribution in 2-D FEM for the three generator topologies.
77
Stellenbosch University  https://scholar.sun.ac.za
(a) Surface-PM with semi-closed slots (b) Surface-PM with open slots
(c) Buried-PM design
Figure 7.10: Full PM VFSG designs in MagNet 2-D FEM for transient analysis.
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Table 7.4: Time taken per unit for the non-gradient based optimisation methods (NSGA-II
and PSO) to run 200 iterations for 13 kW, 100 kW and 1 MW power levels.
Power level (kW) NSGA-II PSO
13 1 1.31
100 0.925 0.915
1000 0.952 0.939
Table 7.5: Comparison of convergence time for a 13 kW generator with higher power levels to
run 40 iterations.
Power level (kW) NSGA-II PSO MMFD
13 0.274 0.061 0.000945
100 0.275 0.063 0.0018
1000 0.26 0.083 0.0013
7.3 Comparison with optimum designs of higher power levels
The larger generator designs achieve a higher efficiency due to the low current density, and
larger air-gap diameter. With the core loss having a great influence on the large designs, a
pan shape is achieved where the air-gap diameter is large but there is a short stack length,
as shown in Figure 7.11.
The iron and copper masses for the various power levels are shown in Figure 7.12 where
a very steep increase in iron mass is observed. This is attributed to the large diameters for
the higher power levels and the need to achieve shallow slots.
7.3.1 Goodness functions for an optimum generator with power levels
from 13 kW to 1 MW
The multi-objective comprises the minimisation of a total active mass and the rotor copper
loss ratio. The total active mass of the generator constitutes Mtot = MFe +MCu +Mpm i.e.
MFe is the sum of stator and rotor iron masses, MCu is stator and rotor copper masses, as
well as the PM mass Mpm. The goodness functions are defined from the rated power, total
active mass, rated torque, air-gap volume, rotor copper loss, PM mass and the total loss in
the generators. The five goodness functions are evaluated as follows
G1 = Mass/Power, (kg/kW ) (7.1)
G2 = Torque/volume, (kN/m
3) (7.2)
G3 = PCu,r/Prated, (W/kW ) (7.3)
G4 = PMmass/volume, (kg/m
3) (7.4)
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Figure 7.11: Stack length and air-gap diameter versus Power
Figure 7.12: Variation in copper and iron mass with increase in power level.
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Table 7.6: Optimisation results for optimum generators chosen from the pareto-fronts
Power level (kW) 13 100 1000
Efficiency 0.952 0.966 0.97
Current density Js 4.12 4.0 4.0
Mass/power (kg/kW) 14.6 6.1 5.4
Torque density (kNm/m3) 31.7 39.3 56.4
Torque per square root loss (Trat/
√
Ploss) 1.75 11.71 75.8
Figure 7.13: Mass/Power ratio -G1 (kg/kW) as a function of power
G5 = Trated/
√
Ploss, (kNm/kW ) (7.5)
7.3.1.1 Mass per power
The G1 characteristic decreases with three different gradients with increase in rated power
as shown in Figure 7.13. This is the total active mass for the electromagnetic part only.
The weight of the generator structure is expected to be much higher than the active weight
with an increase in power levels and should be evaluated as recommended for clarity. The
results of mass per power can be compared to the one in literature such as [109], where 18
kg/kW was achieved for a 10 kW machine.
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Figure 7.14: Torque densityG2varies with rated power
7.3.1.2 Torque per Volume
The torque per volume of the generators increases with the rated power levels by a factor of
1.6 as shown in Figure 7.14. The established torque density of 56.4 kNm/m3 for the 1 MW
is very close to that of a 10 MW transverse flux generator with 57.42 kNm/m3 achieved
in [110].
7.3.1.3 PM mass per Volume
The volume used in this comparison is the air-gap volume. From Figure 7.15, it was ob-
served that for power levels lower than 200 kW the PM mass per volume decreases steeply,
then afterwards by a slight gradient as the power level increases. The larger generators
have a lower minimum flux density in the magnets than the smaller ones, this reduces the
demagnetisation risk, but none of the generators runs a risk of irreversible demagnetisation
of the permanent magnets.
7.3.1.4 Torque per square root loss
The goodness function G5 is as defined in [53] using the Response Surface (RS) and Differ-
ential Evolutionary (DE) algorithms on a permanent magnet synchronous motor (PMSM)
design with 5 independent variables and a strong non-linear multi-objective pareto-front and
on a function with 11 independent variables.
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Figure 7.15: G4versus power
Figure 7.16: Stack length to air-gap diameter ratio for different power levels.
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Table 7.6 presents the results of G5 goodness function showing that for direct drive grid
compliant generators, larger power levels are a good choice.
7.4 Observations and Conclusions
In this chapter makes the following major research contributions beyond those described in
Chapter 6 are made:
(i) Detailed performance results for a 13 kW buried- and surface-PM VFSG and the
optimum results of higher power levels are presented and discussed. It is shown that the
buried-PM VFSG improves the rotor mass by 25% , and the magnets do not experience the
influence of the harmonics from the non-overlap concentrated winding used in the stator.
(ii) The MMFD method is used iteratively and is faster than NSGA-II. However, the
NSGA-II has the pareto-fronts that give the generator designer an opportunity to make an
informed choice of the optimum design.
(iii) An extension of the d− q analysis transformation is presented to optimise 100 kW
generators and further a 1 MW generator and yields good results.
(iv) From the defined goodness factors defined in this work, it is observed that for direct
drive wind turbine systems with direct grid connection, high power levels are a better choice
for example the torque per volume for 13 kW is 1.7 times that of 1 MW generator, and 13
kW power level requires 7 times more of PM mass per volume (kg/m3) when compared to
a 1 MW grid compliant wind generator.
Finally, it is noted that the main contribution of this dissertation, to achieve a design
through optimisation in FE has been achieved. This is shown by the optimum design
candidates being obtained when the dpm variable is close to one (i.e buried completely in
the rotor tooth) specifically at the high power levels.
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Chapter 8
Prototype
8.1 Rotor
The buried-PM topology had the rotor lamination cut in four pieces, one of which is shown
in Figure 8.1a, then stacked together as shown in Figure 8.1c. The rotor-field-coils of this
design are single layered, hence only 34 pre-formed coils needed to be manufactured. The
coils were slid into the slots and a wedge placed at the end of the slots. A series connection
of the rotor-field coils is then carried out.
The surface-PM design’s lamination were cut into quarters for manufacturing issues as
discussed in chapter 3. The PMs are glued in the rotor surface and latter winding done into
the slots. Due to the semi-closed slots, prewound coils could not be used. The PMs are
segmented to reduce losses. The segmentation is due to the non-overlap winding used in the
stator which induces currents in the surface PMs.
From the experience in building the two rotor types, the advantages of pre-wound coils
and their ease in manufacturing process was observed. The other advantage on the PM
usage was on the buried-PM design where the magnets were easily fitted into the rotor
cores. This is unlike in the surface-PM designs where the mounting of the PMs and gluing
them was quite a task.
8.2 Stator
The stator assembly experience is generally as shown in Figure 8.3. The lamination as shown,
has the teeth protruding to the outside, making it easy to fit pre-formed coils. The 72 coils
with double layer configuration, can is also shown. From the top-view of the assembly of the
stator the top and bottom placement of the coils is visible. The 2 mm air-gap size adopted
for the generator made it easy to assemble the full stator into the rotor assembly as also
shown in Figure 8.3.
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Figure 8.1: Buried-PM rotor construction: showing the full lamination, quarter lamination,
Inner view of the rotor stack with with single layer coils and wedges, side-view of the fully
assembled rotor stack, series connection of coils yet to be done, top-view with the holed back
plate, and lastly connected rotor coils.
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Figure 8.2: Surface-PM rotor construction showing the lamination with outer bolting, surface
mounted PMs and rotor field coils, closer view of the PM segmentation and the rotor coils, full
view of the fully assembled rotor, and the ready polished rotor.
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Figure 8.3: Stator prototype construction : stator lamination with teeth protruding to the
outside, top-view of the stator with its support structure, side view showing wedges covering the
slots, view of the double layer coils, and assembly of the stator into the rotor.
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(a) Test-bench of the VFSG testing.
(b) Grid-connection (c) Slip-coupler and VFSG with DC supply.
Figure 8.4: Test bench set-up a) The slip-synchronous generator connected to the prime-mover
(an induction machine) through a shaft, b) power analyser and the grid connection bench, c)
The slip-coupler and VFSG together, DC supply and grid power-electronics units.
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(a) Back-plate (b) Slip-IG and buried-PM VFSG
Figure 8.5: Slip-synchronous generator a) the back-plate for mounting of the slip-IG and
support to the shaft. b) The slip-IG and SG assembled together.
8.3 Test-bench
Figure 8.4 shows the full test bench set up comprising a power analyser and the grid connec-
tion set-up, the rotor DC supply and grid requirements monitoring unit and the generator
unit driven by a 45 kW induction machine and with a torque sensor in between them. The
generator (S-SG unit) has its output directly connected to the grid via the norma.
8.4 Grid compliance test
8.4.1 No-load test
The rotor of the generator is rotated at the nominal speed by the prime mover. This no-
load test was carried out with the objectives of i) to estimate the air gap flux density; ii)
to determine the PM-induced voltage; iii) to study the no-load induced voltages (PM and
Irfc); iv) to build the no-load characteristic and v) to reveal the stator iron and mechanical
losses. The initial test was the no-load PM induced voltage must be 1 pu (= 400 V line to
line) as per the grid code requirement.
The first test was performed by measuring the open circuit back-EMF for the two gener-
ators with only PM excitation and at constant rated speed operation. The predicted no-load
voltage waveform and that from the prototype tests depicted in Figure 8.6, a good agree-
ment is observed. It is noted that the two generators have the same stator and the flux
densities in the middle of the air-gap are thus as shown from Figure 8.7 in correlation of the
two generator types.
Figure shows the no-load PM-induced phase voltage distributions in one phase. The
measured RMS value for the surface-PM topology gave PM-induced line voltage of 395 V,
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Figure 8.6: Comparison of measured and FEM no-load back-EMFs waveforms at rated speed
for the prototype machines.
(a) Buried-PM generator
(b) Surface-PM generator
Figure 8.7: Comparison of air-gap flux densities for the prototype generators.
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Figure 8.8: Rotor field current characteristics at no-load
while the predicted calculated value was 400 V, which is in good agreement. The buried-PM
topology however had a discrepancy of 6.5 % between the measured and predicted. This
discrepancy can be explained partly by the fact that the rotor bridge of 1mm allowed for a
higher flux leakage. To increase the air-gap flux density and reduce the leakage a thinner
rotor bridge can be adopted. Other possible reasons could be on manufacturing inaccuracies
of the rotor poles or a slight variation in the PM material properties.
To measure the effect of the rotor field coil winding on the generators PM excitation, the
stator winding of the prototype is open circuited and the field winding supplied with different
DC currents values. The effect of these currents is The positive and negative direction of
the rotor field current has an influence on the PM output voltage from 0.6 pu to 1.42 pu as
illustrated in Figure 8.8. For the buried-PM topology, voltage variation had good agreement
with predicted results as shown in Figure 8.8.
8.4.2 Thermal test
Thermal issues in PM machines are of importance. Hence, in this subsection, a thermal
test is carried out to investigate the performance of the VFSG. The generator topology with
the buried-PMs is adopted for this study. This is with the consideration that by the PMs
being buried in the tooth core, natural cooling that is proposed for the generator designs
might not be as effective as that with PMs on the rotor surface. The test is carried out at
NO-load operation with two rotor field currents, 1 pu and 3 pu. The temperature rise in the
rotor coils is shown in Figure 8.9a where for the two rotor field currents, the temperature
rise does not go beyond 50^0 C. For the measurement in the rotor back yoke as depicted,
in Figure 8.9b, the temperature variation is higher than in the coil ends. Temperatures
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(a) Temperature variation in the rotor coils
(b) Temperature variation in the rotor back yoke.
Figure 8.9: Temperature increase for the buried-PM VFSG operating at 1 pu and 3 pu (rotor
current) boosting operation at NO-load.
with Irfc= 3 pu reaching 600C in 20 minutes. The increase in the temperature is as was
initially considered is due to the enclosed yoke mass whereas the coils are freely hanging and
exposed to air circulation. These results conclude that a thinner lamination if considered
would decrease the generators iron loss hence better cooling. With the buried-PM design,
it is concluded that by burying the PMs in the rotor core does not impact on the thermal
performance of the VFSG.
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Chapter 9
Conclusions and Contributions
In this work, a direct-drive, radial flux, grid compliant PM VFSG is designed, optimised,
built and tested. The generator is for use in a direct-drive directly grid connected slip-
synchronous wind turbine system. The design is carried out using NdFeB rare earth PMs,
copper coils and non-overlap concentrated windings in the stator. Analytical and FEM
models are fully developed from design principles and important machine equations. An
iterative analytical design is first carried out based on the total MMF requirement and
general equations. Then an FE analysis is used for a detailed rotor design analysis and
investigations. An optimisation procedure that uses FE and d − q analysis is then carried
out for further investigations and final adjustments. The topology allows PMs to be on the
rotor surface or buried in the rotor tooth core. The topology further allows for non-overlap
concentrated windings with short end windings. This enhances efficiency, cost (material and
manufacturing cost are lower) and power to mass ratio.
The constant PM flux, is varied by the introduced rotor slots that are filled with coils.
Depending on the direction of the current, the flux is either boosted or weakened. To further
reduce the copper mass, the effective air-gap size is reduced by introducing slots in the rotor
teeth where the PMs are placed. The teeth are straight to allow for pre-formed coils. The
laminations are laser cut and produced in quarter sections.
The prototype generators were manufactured and tested. The results show good agree-
ment between, theoretical predictions and practical measurements.
With regard to grid compliance, an important design consideration discussed in this
dissertation is the choice of having the PMs produce the MMF required in the normal
operation of the wind generator. In case of failure in the rotor field coils, the generator
can still perform to its rated specifications. Another design consideration is the choice of
rotor field coils excitation and the subsequent impact on the wind generator output voltage
meeting the set grid code specifications from power system operators. It was found that the
copper mass of the buried-PM VFSG is 42 % lower than that of the electrical excitation.
Optimum designs with power levels from 13 kW to 1 MW were further evaluated. They
are all feasible as wind turbine generators with direct grid connection. The active weight
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per kW and total cost per kW are about the same for all the generator sizes. The outer
diameter of the proposed generator type, however, is not much larger than the conventional
generator systems as the stator is on the inside.
From the conclusions stated and contributions, mentioned in section 9.1, one main con-
clusion with regard to the generator type optimised with the proposed method is that the
use of buried-PM VFSG is the best topology for grid compliant wind turbine systems. This
is shown from the results where the generator achieves the required flux-variation that lacks
in PM generators and a mass saving when compared to the the conventional SG that is
electrically excited. In addition it makes use of a converter with a very low power rating.
9.1 Contributions
A method to to carry out a design optimisation that considers both design and grid spe-
cifications has been demonstrated. This generic optimisation procedure for a PM VFSG is
independent of the algorithm, and useful for sub 100 kW to MW level generators.
A design of a radial-flux PMVFSG with PMs buried in the rotor tooth has been presented
for the first time. This design has the advantage that the PMs are not affected by MMF
harmonics, and the design achieves a copper mass saving of 42% when compared to the
non-PM excited SGs.
A first time demonstration of an optimum low speed PM VFSG compliant to grid codes
(of voltage, power factor and reactive power control) is carried out.
This research forms an important foundation for direct-drive grid compliant PM VFSGs
at low and high power levels for wind turbine application.
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